













This thesis has been submitted in fulfilment of the requirements for a postgraduate degree 
(e.g. PhD, MPhil, DClinPsychol) at the University of Edinburgh. Please note the following 
terms and conditions of use: 
 
This work is protected by copyright and other intellectual property rights, which are 
retained by the thesis author, unless otherwise stated. 
A copy can be downloaded for personal non-commercial research or study, without 
prior permission or charge. 
This thesis cannot be reproduced or quoted extensively from without first obtaining 
permission in writing from the author. 
The content must not be changed in any way or sold commercially in any format or 
medium without the formal permission of the author. 
When referring to this work, full bibliographic details including the author, title, 
awarding institution and date of the thesis must be given. 
 
 
Magnetic Resonance Elastography 














A thesis submitted in partial satisfaction 
of the requirements for the degree: 
 
Doctor of Philosophy (Ph.D.) 
 
School of Clinical Sciences 
Edinburgh Medical School 
College of Medicine and Veterinary Medicine 










Declaration of Originality 
 
I hereby declare that the research in this thesis, and the thesis itself, was 
composed and originated entirely by myself, except where specifically stated 
otherwise, in the Centre for Inflammation Research at the University of 





     
















































































Manual palpation is a clinical methodology to determine tissue mechanical 
properties, such as viscoelasticity (i.e. stiffness and viscosity), which is a 
primary indicator of the development of tissue pathology. Advancing medical 
imaging technology means it is now possible to reliably non-invasively measure 
tissue stiffness in-vivo through the use of Magnetic Resonance Elastography 
(MRE). Muscle pathology is traditionally assessed in the clinic through 
measurement of muscle morphology and function (e.g. Maximum Voluntary 
Contraction [MVC]). However, MRE has been shown to be an effective method 
to study muscle pathology and may offer novel biomechanical insight into, for 
example, muscle engagement, injury and recovery, which cannot be obtained 
through conventional testing. The aim of this thesis is to perform a series of 
exploratory investigations to determine the precision, sensitivity and reliability 
of the muscle MRE technique for studying the relationships between muscle 
mechanical properties and morphology. This is especially relevant to the 
clinical application of the technique which is investigated in two pilot studies. 
Specific interests are to investigate whether muscle MRE offers reliable insight 
regarding muscle ageing, injury and loading and has potential clinical 
application such as in monitoring recovery after time in Critical Care and the 
effects of Total Knee Replacement (TKR) in patients with osteoarthritis of the 
knee. 
  
This thesis begins with a review of musculoskeletal biomechanics, Magnetic 
Resonance Imaging (MRI) and MRE research to date. A limited number of 
clinical musculoskeletal elastography research studies were identified and which 
motivated several investigations conducted in this thesis. A musculoskeletal 
MRE analysis pipeline was developed to accurately acquire and analyse MRE 
data and consists of image co-registration, quantification of muscle mechanical 
(i.e. stiffness) and morphological properties (i.e. muscle cross-sectional area and 
a shape measure referred to as circularity), which may be related to clinical 
measures and relevant functional indices such as MVC. The pipeline includes 
quality control procedures to detect image artefacts and provides results which 
can be potentially reliably compared with those of other research groups.  
 
The first two investigations to be reported concern the study of changes in the 
mechanical properties of muscles that have occurred passively. In particular, 
the effects of ageing are studied together with the effect of time spent in Critical 
Care and subsequent rehabilitation. The effect of ageing was primarily evident 
in the quadriceps muscle group which decreased significantly in cross-sectional 
area and significantly increased in stiffness. The effects produced by 
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immobilisation were also predominantly in the quadriceps but here a significant 
decrease in muscle cross-sectional area was associated with a decrease in muscle 
stiffness. 
 
The next three exploratory studies all involve an intervention or manipulation 
in terms of an eccentric exercise protocol which produces muscle injury as well 
as muscle loading. The former was based on a re-analysis of previously 
published work with the aim of determining whether there was a significant 
difference in muscle stiffness in subjects in whom injury was shown to be 
associated with muscle oedema on T2-weighted MR images. Here the new pixel-
wise analysis of the data showed that although the two groups of subjects 
performed a similar workload, subjects who developed oedema may have used 
a different combination of muscles to perform the task, and especially may 
have additionally recruited medial muscles rather than efficiently co-
contracting the quadriceps and hamstrings. A loading study revealed a 
significant relationship between the stiffness and shape (i.e. circularity) of 
especially rectus femoris and first steps were taken to investigate whether this 
relationship may show insight into the recovery of patients following TKR 
surgery. 
  
Taken together these exploratory investigations demonstrate the precision, 
sensitivity and viability of the muscle MRE technique and its promise for 
























Measuring the stiffness of the body through palpation (i.e. touch) is a practical 
way to measure the health of tissues and inflammation (i.e. tissue swelling), 
for example, has been found to produce an increase in muscle stiffness. 
However, palpation has limitations in that it is generally only performed on 
the skin. With the development of medical imaging techniques such as 
Magnetic Resonance Imaging (MRI) it is possible to produce detailed pictures 
of inside the body and the recent development of an MRI technique known as 
Magnetic Resonance Elastography (MRE) has made it possible to not only 
visualise but also measure the mechanical properties of organs and muscles 
deep in the body. In other words, MRE is a non-invasive method of imaging 
palpation. Changes in the stiffness of the tissues presented in the form of an 
image known as an elastogram are a potentially sensitive measure of tissue 
pathology. They may also provide new insights regarding function (i.e. how the 
body works). The musculoskeletal system comprises 840 functional muscles and 
206 structural bones working together through opposing forces to typically 
extend and flex joints. So far there have been only a few studies of the clinical 
application of MRE studies of muscle.  
 
The aim of this thesis is to apply muscle MRE in combination with 
conventional MRI studies of tissue morphology (i.e. size and shape) to obtain 
a better understanding of muscle ageing, injury, and loading, with potential 
clinical applications such as in monitoring recovery after time in so-called 
Critical Care (i.e. Intensive Care Unit [ICU]), and the effects of Total Knee 
Replacement (TKR) in patients with osteoarthritis of the knee. 
 
This thesis begins with a review of muscle anatomy, a description of MR 
imaging, and a review of previous studies of the stiffness of muscles using MRE 
which motivated the exploratory investigations that will be reported. The first 
experimental work was to develop a so-called MRE Pipeline (i.e. integrated 
procedures for acquiring and analysing MRE data) to provide reliable measures 
of muscle stiffness.  
 
The first application of the pipeline was to study the effect of ageing which was 
found to be associated with a decrease in size and increase in stiffness of 
muscles, especially in the quadriceps muscles which play a key role in weight 
bearing during standing and walking. On the other hand, time in ICU also led 
to a decrease in size, but there was a decrease in the stiffness of muscles and 
function, which did not fully recover even after 6 months. Next, a detailed re-
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analysis was performed of MRE images obtained for subjects before and after 
they performed an experimental protocol designed in the Department of Sports 
Science to produce a transient muscle injury lasting 3-4 days. Results suggested 
that whether or not the subjects developed oedema (i.e. muscle inflammation) 
was dependent on the combination of muscles that participants recruited to 
perform the task.  Finally, MRE, and MRI, were applied to measure the change 
in muscle stiffness, muscle size, and muscle shape, during muscle loading 
produced by applying relatively small weights to the leg of volunteer subjects 
lying in the MR scanner. The changes that this produced in muscle stiffness 
and shape were readily detected and revealed a close relationship to each other 
for the so-called rectus femoris muscle which was principally recruited to bear 
the loads. Preliminary investigations were performed to assess the potential 
clinical application of this assessment to monitor recovery of patients after 
TKR surgery.  
 
MRE provides unique information on the stiffness of muscles throughout the 
whole cross-section of the leg and shows significant promise for routine 
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Chapter One starts with an overview of musculoskeletal epidemiology and the 
significant impact that this has on the UK National Health Service (NHS), a 
fundamental reasoning why this thesis is focussing on the musculoskeletal 
system. This is followed by an overview of musculoskeletal physiology including 
architecture (or anatomical organisation), function, and muscle engagement 
methods (i.e. types of muscle contraction). It is important to have an 
appreciation of muscle architecture as this is closely linked with function, 
something which is key for manipulation during experimentation. Current 
musculoskeletal pathophysiological methods which measure muscle function 
include muscle biopsy, electromyography (EMG) and ultrasound (US), which 
are explored regarding their strengths and weaknesses. Following this, clinical 
imaging modalities are discussed including Magnetic Resonance Imaging 
(MRI), a gold standard in physical properties of tissue, as well as a recent 
development of the technique known as Magnetic Resonance Elastography 
(MRE).  MRE offers the ability to acquire data of mechanical properties of 
soft tissue, and also addresses many of the limitations for current 
musculoskeletal (patho-) physiological measures. A subsequent review of the 
MRE literature showed that there is a rich supply of clinical applications in 
static tissues such as the kidney, liver, and the brain, however the application 
remains limited within the musculoskeletal system. By the close of this chapter, 
the organisation, aims, and possible contributions of this thesis are outlined, to 












































1.1 Musculoskeletal Epidemiology 
Musculoskeletal conditions are the third largest NHS expenditure, costing the 
NHS £10.2 billion a year, with this expected to cost £118.6 billion over the 
next decade (York Health Economics, 2017). This is a result of almost a third 
of the UK population living with a musculoskeletal condition (17.8 million, 
28.9%), and one in five people consulting a GP in reference to musculoskeletal 
difficulties each year (Arthritis Research UK, 2009). As a result, 8.2% of all 
admissions requiring consultant care in England were as a result of 
musculoskeletal conditions. 
 
Musculoskeletal conditions (both acute and long term) are more prevalent with 
age (Arthritis Research UK, 2016), with 51% of individuals aged between 35 
to 64 reportedly have a musculoskeletal condition (Global Burden of Disease 
Collaborative Network, 2017). For instance, within a year: 10 million people 
had sought treatment for persistent back pain (Arthritis Research UK, 2015), 
8.75 million people aged 45 and above had sought treatment for osteoarthritis 
(Arthritis Research UK, 2013), 2.8 million for fibromyalgia (Jones et al., 2010), 
400,000 for rheumatoid arthritis (Arthritis Research UK, 2015), and 300,000 
for fractures (British Orthopaedic Association, 2007). There is also an 
increasing prevalence of osteoarthritis consultation with age (Arthritis 
Research UK, 2013). The physical activity of an individual is a risk factor 
associated with developing a musculoskeletal condition, and with age there is 
an associated decrease in activity. On average, 21-32% of adults are active for 
less than 30 minutes per week (16-19 The Scottish Government, 2017; 
StatsWales, 2017; Department of Health Statistics and Research, 2017; NHS 
Digital, 2017), this is increased to 40% for adults above 65 years of age (U.C.L. 
NatCen, 2017). Consequently, half of adult social care expenditure is spent on 
those over the age of 65 due to musculoskeletal conditions (The King’s Fund, 
2014). Yet physical activity can reduce pain associated with musculoskeletal 
conditions and also reduce further comorbidities (Choi et al., 2010; Arthritis 
Research UK, 2017). 
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Every £1 invested in musculoskeletal research results in a 25p return each year 
to the NHS (Wellcome Trust, 2017), so a greater investment in musculoskeletal 
research is required. The objective of this thesis is to contribute towards the 
area of clinical musculoskeletal research in an attempt to obtain novel 
musculoskeletal imaging methods in reference to muscle pathophysiological. 
 
 
1.2 Muscle Architecture 
There are three types of muscles: smooth muscle, cardiac muscle, and skeletal 
muscle, each having key functional differences (Mackenzie, 1918).  Smooth 
muscle is in hollow structures and organs and is controlled through the 
autonomous nervous system. Cardiac muscle, which has a striated structure 
(striped in appearance under a microscope), is also controlled through the 
autonomous nervous system as well as through humoral factors and internal 
rhythm control. Contrary to the previous muscle types, skeletal muscle, which 
is also striated, is controlled by voluntary nervous control, and so can be readily 
manipulated. Skeletal muscle is connected to the skeletal system through 
tendons, allowing for movement or locomotion (Fukungaga et al., 2001). 
Skeletal muscle architecture, or organisation, is hierarchically organized in size 




Figure 1.1. Skeletal muscle hierarchical organization including sarcomeres (A), muscle fibres 




The sliding filament theory describes the physiological mechanism leading to 
muscle contraction (Huxley et al., 1954, 2004; Anderson et al., 2004). During 
muscle contraction, multiple muscle fibres act in unison: a sarcomere shortens 
(Figure 1.2), due to thin filaments (actin) sliding closer together within a 
thicker filament (myosin) (Huxley et al., 1954). For this to occur, the protein 
actomyosin is formed. Actomyosin bridges the actin filament to the myosin 
head (Wood et al., 2012), which is known as the cross-bridge theory.  
 
 
Electrical impulses from the central nervous system are a pre-requisite to 
initiate the sliding of sarcomeres. The neuromuscular junction is a synapse 
between a motor neuron and a muscle fibre (Levitan et al., 2015). When the 
motor neuron initiates an action potential releasing Ca2+, it is this release of 
Ca2+ which initiates the sliding of filaments. Actin filaments contain myosin 
binding sites covered by a protein known as tropomyosin. At the ends of each 




tropomyosin is troponin, a Ca2+ sensitive complex. Troponin binds to the 
released Ca2+, opening the myosin binding sites, resulting in a contraction.  
 
1.2.2 Muscle Fibres 
The mammalian musculoskeletal system has been shown to include two main 
fibre types including Type I (‘fast twitch’) and Type II (‘slow twitch’) muscles 
(Hess 1970; Close 1972), with a differential between their Ca2+ activation 
requirements (Stephenson et al., 1981). Temperature has also been shown to 
impact these fibre types differently for activation (Cullingham et al., 1960; 
Truong et al., 1964; Isaacson et al., 1970) as the sensitivity of fast fibres to 
Ca2+ significantly rises with increases in temperature, however slow twitch 
fibres are not as greatly affected by temperature. Fast twitch fibres have a 
contraction speed greater by a factor of 3 in comparison to slow twitch fibres 
(Close, 1972).  
 
Muscle fibre organization is a pre-determinant of muscle function (Burkholder 
et al., 1994). Muscle torque, or speed of contraction, has been shown to be 
greater with a higher amount of fast twitch fibres (Thorstensson et al., 1976; 
Coyle et al., 1979; Suter et al. 1993), particularly within the Vastus Lateralis 
(Froese and Houston, 1985), part of the quadriceps muscle group. However, 
research has shown that muscle torque was not solely dependent on muscle 
fibre types, but that muscle cross-sectional area, or size, was also an important 
factor (Ikai et al., 1968; Tesch et al., 1978; Schantz et al. 1983; Maughan et 
al., 1983, 1984; Lieber et al., 1988). Further, Lieber et al. (1993) showed that 
sarcomeres differ in length between muscles, suggesting specialized muscle 
architecture. 
 
Muscles may have specific roles, which are highly dependent on their 
architecture (Lieber et al., 1989, 1990, 1992, 2011), with similar muscle 
architecture being present across a species (Sacks et al., 1982; Wickiewicz et 
al., 1983; Roy et al., 1984; Lieber et al., 1989; Burkholder et al., 1994; Eng et 
al., 2008). Muscle function can be understood through a mixture of 
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architectural features (Figure 1.3) consisting of a combination of physiological 
cross-sectional area (PCSA; proportionate to muscle force) and fibre length 
(proportionate to muscle excursion, or maximum length of movement). Lieber 
et al. (1989) investigated mammalian architecture of thigh muscles and 
demonstrated that there are discriminatory characteristics of muscles within 
the same group. Quadriceps are designed for force production in part due to 
their large muscle fibre angle. However, the hamstrings are designed to allow 
for muscle excursion due to a large fibre length and the small muscle fibre 
pennation angles.  
1.2.3 Muscle Belly 
The upper leg, or thigh, can be segmented into different muscle groups based 
on function: quadriceps, hamstrings, and adductors with medial rotators. The 
Quadriceps muscle group (Figure 1.4A) consist of the rectus femoris (RF), 
vastus lateralis (VL), vastus medialis (VM) and vastus intermedius (VI). The 
rectus femoris is connected from the tibia to the pelvis, which makes it a bi-
articular muscle as it connects across the hip and knee joints. The hamstrings 
Figure 1.3. PCSA and fibre length of each muscle in the lower leg, with muscles with similar 
functions identified by the same colours. For the muscles in the thigh: Quadriceps in red, 
Hamstrings in green, and Adductors / Medial muscles in purple (Lieber et al., 2011). 
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(Figure 1.4B) also consist of four muscles: semimembranosus (SMB), 
semitendinosus (STD) and the biceps femoris, which splits into the biceps long 
head (BLH) and biceps short head (BSH). All the hamstring muscles are bi-
articular across hip and knee joints, apart from the short head of the bicep 
femoris. Finally, the adductors (Figure 1.4C) - adductor longus (AL), adductor 
magnus (AM) and adductor brevis (AB) - are connected to the upper femur 
and to the pelvis in a fan shaped structure. Lastly, two muscles medially which 
act predominantly as rotators, gracilis (G) and sartorius (S), are bi-articular 
and thin.  
 
 
1.3 Muscle Physiology 
In order for movement to occur, there needs to be muscle contraction. Muscle 
contraction leads to a tension increase of muscle tissue during use. Three types 
of contractions may occur, depending on the load being exerted (Lieber et al., 
2011). When muscle force is greater than the muscle load then this results in 
a concentric contraction, where the muscle will shorten (Widmaier et al., 2010). 
However, if the load being applied to a muscle is greater than the muscle force, 
this will result in muscle lengthening, or an eccentric contraction (Lieber et al., 
1991). An additional scenario is when the muscle force and load are equal, 
meaning that the muscle does not change in length, (i.e. when sustaining a 
load) which is an isometric contraction. In addition to this, the force of a muscle 
contraction can be determined by the velocity at which a muscle shortens 
during stimulation (Abbott et al., 1953). To measure the physiology of muscles, 
there are currently three main methods of analysis including muscle biopsies, 
electromyography, ultrasound, and tensiomyography. The strengths and 
limitations of each of these physiological measures are discussed in relation to 




Figure 1.4. Muscle groups segmentation of the thigh. A) Quadriceps, B) Hamstrings, C) 





1.3.1 Muscle Biopsy 
A biopsy is a procedure where a small section of tissue is removed and viewed 
under a microscope. This procedure can incur significant discomfort for 
patients, however can also offer detailed insight into the pathophysiology of 
muscle tissue. Muscle biopsies have been shown to be effective in studying 
muscle pathophysiology of muscle, especially in muscle oxygenation following 
exercise (Fielding et al., 1993; Amelin et al., 2005). A significant insight this 
modality can offer is identification of muscle fibre types within muscles, with 
biopsies being utilised to reveal changes in the composition of muscle fibre 
types following intensive training of lower extremity muscles (Staron et al., 
1994). Further, observations of ageing muscle have shown that associated with 
a decrease in muscle size there is a decrease in muscle strength due to a 
composition change of Type I to Type II fibres (Frontera et al., 2000). However, 
there are also many limitations to biopsy work. Firstly, biopsies are taken from 
a single point within the muscle, where a myopathy may not be homogeneous. 
If researchers were to address this and perform several biopsies within a muscle, 
then this has a significant impact on the tissue, comparable to eccentric muscle 
stress (Malm et al., 2000), questioning the validity of the readings. In addition 
to this, the accuracy of biopsy readings has been scrutinised suggesting that 
due to a high variability of readings, there are limited meaningful results 
acquired by this technique (Wendling et al., 1996).  
 
1.3.2 Electromyography 
Electromyography (EMG) is a non-invasive method to study muscle 
physiology. It measures muscle activation through electric signals. One 
significant insight surface EMG can offer is the measurement of Maximum 
Voluntary Contraction (MVC), which shows the muscle force output. An 
example of EMG being used in research is in studying the impact of training, 
showing that MVC increased within the quadriceps following a period of 
resistance training (Aagaard et al., 2002). An additional measure EMG offers 
is the electromechanical delay (EMD), the time between the EMG reading and 
the movement from the muscle (Cavanagh et al., 1979). Comparing three 
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different contraction methods (eccentric, concentric, isometric), the use of 
EMG revealed that eccentric contractions incurred the least EMD between 
signal and movement, contributing to a greater force being generated. One 
explanation for this may have been the differential positions of the contractile 
components (muscle fibres; CC) and subsequent stretching of the elastic 
components (energy storage components such as tendons; SEC) between the 
contraction types. Whilst the insight EMG may offer is significant into muscle 
function, the technique has some limitations. Firstly, the placing of the 
recording electrodes are integral to the readings, with Ralston (1961) 
highlighting the difficulty of performing EMG on smaller muscles – which is 
why the quadriceps are commonly examined. For precise measure of muscle 
activity through EMG the use of a fine wire insertion may have been 
traditionally required, which can be painful, disturb the tissue impacting on 
readings, and cannot be performed on deep tissue (Ringleb et al., 2007). 
However advanced techniques such as High Density surface EMG (HD-EMG) 
offers insight into individual muscle co-contractions . Secondly, within a clinical 
setting it is difficult to obtain a true appreciation of muscle performance under 
load, as it is often not feasible to incorporate significant controls needed to 
perform EMG (Ralston, 1961).  
 
1.3.3 Ultrasound 
Ultrasound (US) is an imaging technique which uses sound waves to obtain an 
image of musculature and surrounding tissues. Within the last decade the use 
of US has increased significantly, establishing it as a diagnostic modality in 
soft tissues (Manger et al., 1995, 1997; Grassi et al., 1998; Gibbon et al., 1999; 
Wakefield et al., 1999; Kane et al., 2004). US is a non-invasive and portable 
technique, allowing for real time assessment of musculature, which has been 
utilised as an effective method to measure impact and recovery of 
musculoskeletal disease (Reimers et al., 1997; Bureau et al., 1998, Fornage, 
2000). However, a limitation of US is that spatial resolution needs to be 
sacrificed relative to the size of area being imaged (Backhaus et al., 2001). 
Whilst US and clinical imaging modalities such as Magnetic Resonance Imaging 
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(MRI) are both used to measure tissue inflammation, US has advantages in 
guiding biopsies whereas MRI has been shown to be a more sensitive for offering 
detailed images of musculoskeletal myopathy and soft tissue characterisation. 
 
1.3.4 Tensiomyography 
Tensiomyography (TMG) allows for the measurement of muscle contractile 
properties by measuring the deformation of the tissue (Macgregor et al., 2018). 
TMG is performed through the electrical stimulation of a muscle and the 
change in the length of the muscle. A key quantitative measure of this 
technique is in recording the time duration of a contraction, which can then be 
used to characterise fibre composition within a muscle. At this time, the use of 
tensiomyography in clinical cohorts is limited due to the low level of muscle 
contraction elicited from the technique (less than 10% MVC; Ditrolio et al., 
2011). Whilst the work within this domain is promising, greater validation of 
the measurements obtained are required in order for this technique to reveal a 
link to muscle function.  
 
 
1.4 Clinical Imaging 
MRI has become widely used to obtain images of soft tissue. Due to the non-
requirement of ionizing radioactive contrasts, MRI has become a gold standard 
for use in clinical imaging to obtain images of physiological and structural 
changes (van Beek et al., 2018). MRI is based on the excitation of nuclei of 
hydrogen atoms. As human tissue is comprised of fat (lipids) and water 
(Mansfield et al., 1975), both abundant in hydrogen, tissue can be identified 
depending on the magnitude of hydrogen present. During an MRI scan a radio 
frequency is emitted which is absorbed by protons (hydrogen atoms). This 
additional energy puts them into a higher state, which is at odds with the 
direction of the strong magnetic field. As this energy is lost and the protons 
align themselves back into the direction of the magnetic field, they emit a 
radiofrequency signal, which is subsequently detected by radiofrequency coils 
within the magnet (Callaghan, 1994). The radio frequency pulses can be 
 15 
manipulated to be sensitive to specific tissue types, resulting in medical images 
having different image contrasts for tissue depending on the time it takes for 
the tissue to relax after being excited during scanning. This differential in 
proton relaxation allows for visualisation of different tissues, and following 




However, whilst MRI can offer good detail into the morphological and physical 
appearance of tissue, it offers no insight into the mechanical properties 
(Mariappan et al., 2010), such as the stiffness of a tissue. To obtain a measure 
of tissue stiffness a medical professional normally carries out a manual 
assessment of a selected tissue, otherwise known as palpation. Palpation is a 
commonly used medical practice to measure tissue variety and to feel the 
presence and consistency of normal and abnormal tissues. Whilst palpation is 
cheap and easily accessible, there are two key problems: i) it cannot be 
performed on deep tissue, and ii) this long practised technique remains 
subjective (Jacob et al., 1994). 
 
 
Figure 1.5. Comparison of Healthy thigh (left) and muscle inflammation from oedema 
following injury (right), demonstrated as higher signal intensity due to increase in proton 
density. (Chapter Five) 
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1.5 Magnetic Resonance Elastography  
Magnetic Resonance Elastography (MRE) was developed at the Mayo Clinic 
and first published in 1995 (Muthupillai et al., 1995). A variant of conventional 
MRI, MRE is a non-invasive imaging modality that can calculate tissue 
viscoelastic properties – which are normally studied through palpation. MRE 
results in an objective value of stiffness through numeric integers, which can 
be quantitatively analysed to measure pathophysiology. MRE assesses the 
elastic modulus of tissue which varies over several magnitudes between tissues, 
significantly more than previously discussed methods such as MRI or US 



















A primary clinical use of MRE is the stiffness mapping of the liver in patients 
with liver fibrosis. Traditional diagnosis of liver fibrosis includes invasive 
biopsies. As discussed, the method of biopsy has potential serious adverse 
events, lack precision due to inhomogeneity of liver disease and therefore 
Figure 1.6. Imaging modalities and their contrast mechanisms, showing MRE offers the largest 
variation across physiological states (Mariappan et al. 2010). 
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readings lack repeatability (Venkatesh et al., 2013) due to covering a small 
region of interest (ROI). MRE has been previously used to accurately quantify 
different stages of liver fibrosis (Yin et al., 2007; Huwart et al., 2008b; Asbach 
et al., 2010), by showing changes in tissue stiffness (Figure 1.7). Liver fibrosis 
measurement can be conducted through both ultrasound (Sandrin et al., 2003; 
Castéra et al., 2005; Ziol et al., 2005) and in conjunction with MRI (Huwart 
et al., 2006, 2007; Yin et al., 2007). Huwart et al. (2008a) conducted a 
comparison of the sensitivity between ultrasound and MRE, finding MRE to 













Figure 1.7. Method of liver fibrosis MRE. External actuator applied to the abdomen (Left), 





A recent movement in MRE is towards the study of the brain (Hiscox et al., 
2016; 2018). MRE has been used in the brain in order to obtain better 
understanding of degeneration (Murphy et al., 2011; Hiscox et al., 2018), 
inflammation (Riek et al., 2012), and also in the aid of tumour detection and 
delineation (Murphy et al., 2013). It is also important to note that MRE, 
particularly in the brain, produces reliable measurements for classification of 
tissue types (Sack et al., 2008; Murphy et al., 2011). MRE is sensitive enough 
to detect a significant 38% difference in the stiffness of grey (M=5.22 kPa) and 
white matter (M=13.60 kPa) (Kruse et al., 2008). In addition to this 
sensitivity, Murphy et al., (2013) showed that in comparison to surgical 
assessment of brain tumour stiffness, the use of MRE (r=0.65, p=0.023) out 
Figure 1.8. Differences in performance of MRE (A) and US (B). (Huwart et al., 2008a) 
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performed traditional MRI measurements (r=0.05, p=0.089), as MRE was 
significantly correlated with surgical assessment.  
 
As shown here, MRE can offer physiological insight and also address some 
limitations of currently employed pathophysiological methodologies. Heers et 
al. (2003) showed a strong correlation between EMG and MRE measurements 
with regards to leg muscle activity. Such research opens the question of the 
necessity of MRE, when methodologies such as EMG, which is currently a more 
established and cheaper option to investigate the musculoskeletal system. 
However, MRE has several advantages over EMG, in particular the amount of 
simultaneous data of deep tissue which can be obtained in a short time period. 
MRE provides an image of the entire muscle and surrounding muscles, which 
can include deep tissue. MRE also does not require the use of invasive 
instruments, and only requires an actuator to be placed on the surface of the 
skin, meaning that both passive and active states of muscle can be measured 
through MRE (Jenkyn et al., 2003). The application of MRE also has 
additional advantages over the use of TMG, as it can quantify a much greater 
level of mechanical change in muscles due to not being limited to a certain 
level of MVC. 
 
MRE has been used clinically in practice. However, clinical musculoskeletal 
research using MRE is a relatively unexplored domain. Clinical MRE in tissue 
such as liver or brain, involves the measurement of disease progression, with 
the use of MRE to reveal surrogate measures of tissue health. It still remains 
a limitation that much of the research conducted within MRE is performed on 
static tissue.  However, muscle can be readily manipulated, with the amount 
of change derived from the manipulation, resulting in a potentially much 
quicker appreciation of an individual’s general health status. This means that 
instead of a physiologically static image, pathophysiology can also be observed 
through changes in different levels of tension (i.e. increased stiffness during 
use), something further explored in Chapters Five and Six).  Muscle is 
fundamentally a tissue which is designed to move and be dynamic. In order to 
perform MRE it is necessary to first understand musculoskeletal rheology 
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(tissue deformation), so that the distortion of muscles can be appreciated in 
terms of mechanical properties. 
 
1.5.1 Musculoskeletal Rheology 
Muscle is a viscoelastic tissue, with Hill (1938) describing the relationship 
between muscle tension and the velocity at which a contraction occurs, finding 
that the greater the muscle tension the slower a muscle contraction will be. 
Within viscoelastic tissue there is an elastic and viscous element (Figure 1.9). 
Elasticity is the storage of energy during deformation, a measure of 
displacement, whereas viscosity is the dissipation of energy during deformation, 
or the rate of the displacement. Following from Hill (1938), Boger et al. (1987) 
showed that a viscoelastic tissue will stiffen quicker as it is progressively loaded. 
A basis for understanding the dynamic nature of muscle is shown by Mariappan 
et al. (2010), where increased loading of a soleus muscle (lower leg) resulted in 
larger wave lengths in distortion images, with the muscle stiffness increasing 

















Figure. 1.9. Viscoelastic changes in different soft tissues as well as relative palpation guide. 
Obtained from Hirsch et al., 2017. 
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Significant work within musculoskeletal MRE is to model the rheology of the 
tissue, with the main aim for MRE to quantify the viscoelasticity. MRE 
measurements of viscoelasticity are in Pascals, due to the quantification of 
pressure using Young’s  shear modulus (the relationship between tissue stress 
and strain, or stiffness) and Hooke’s law (linear elasticity). Muscle 
viscoelasticity is most simply and commonly characterized in the form of the 
Voigt model (Figure 1.10; Catheline et al., 2004; Debernard et al., 2013), with 
a spring element representing muscle elasticity (μ [measured in kPa]; 
Bensamoun et al., 2006), and a dashpot representing viscosity which takes into 













1.5.2 Imaging Musculoskeletal Rheology  
The technical advance which made MRE possible was the introduction of 
motion encoding gradients (MEG) (Muthupillai et al., 1995; Uffmann et al., 
2008) implemented into a typical MRI sequence to capture multiple snapshots 
of the applied acoustic waves.  The MEGs encode the proton spins in addition 
to the cyclic gradient polarity being switched, which causes a phase shift, with 
a quantifiable amount of displacement (Muthupillai et al., 1996). Displacement 
is caused by an external actuator which introduces acoustic waves into the 








Harmonic low frequency acoustic waves (10Hz-1kHz) displace the tissue in 
microns. The displacement can be mapped to show the mechanical properties 
of the tissue, with the amount of displacement relative to the tissue elasticity 
(or stiffness). The acoustic shear waves can be seen to travel quickly through 
stiff tissue and slow through soft tissue. As a result, the method of MRE allows 
researchers to ‘virtually’ palpate regions of the body previously unreachable, 
but now also able to quantify tissue stiffness. 
 
Traditionally, quantification of tissue stiffness has been performed by 
measuring the distance of wavelengths in a specific tissue through virtual 
callipers, which can then be used to calculate the stiffness of a specific region 
(Figure 1.12). Wave dissipation can be calculated due to the attenuation of a 
wave, with a greater tissue viscosity resulting in a greater decrease in wave 
amplitude. By measuring the distance of the wavelength, one can compute the 
shear modulus, or elasticity of tissue, using the Helmholtz equation: µ=p2f2 : 
 being the wavelength, p being approximate tissue density (~1000kg/m3; 
Burlew et al., 1980; Debernard et al., 2013), and the applied mechanical 
frequency (f). Taking this further, one can then measure the elastic shear 
modulus (G), using the formula: G=pvs2=p(f )2 – with vs as the shear wave 
Figure 1.11. Example of acoustic wave propagation through different levels of material 
stiffness (Basford et al., 2002). 
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speed calculated from the wavelength (  ) from the applied mechanical 
frequency ( f  ).  
 
Advancing technology means we are less dependent on the use of virtual 
callipers to measure wavelength, and it is now possible to visualise tissue 
stiffness through the creation of elastograms. Elastograms are images which 
show the magnitude of stiffness through a scalable colour bar (Barnhill et al., 
2013, 2015; Kennedy et al., 2017, Hollis et al., 2017b). This allows for a region 
of interest (ROI) to be drawn around a tissue to obtain an average muscle 
stiffness value.  
 
Due to the linearity of muscle elasticity with energy, the higher the frequency 
of tissue distortion the greater the muscle stiffness measurement. To correct 
Figure 1.12. Wave lengthens with increased muscle loading, a) anatomical image, b) 0 N/m, c) 
5 N/m, d) 10 N/m, from Mariappan et al. (2010). 
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for this, recent advances within MRE has made it possible to utilise multi-
frequency MRE (MMRE; Klatt et al., 2010; Papazoglou et al., 2012). By 
utilising several frequencies in succession, the resulting elastograms can be 
concatenated in order to account for frequency bias in measurements. As a 
result, a multi-frequency dual parameter elasto-visco (MDEV) inversion was 
developed to account for frequency dependent artefacts and to also increase 
image resolution and quality (Papazoglou et al., 2012; Braun et al., 2014; 
Barnhill et al., 2015). Klatt et al. (2010) showed that MMRE can be illustrated 
through a springpot rheological model (Figure 1.13). This springpot model is 
comprised of previously discussed elastic and viscous components, as well as a 
power law behaviour component (  ). As a result, the shear complex modulus 
can be calculated through G*=µ1-η(i) - with  representing the excitation 












By calculating the storage of mechanical energy (G’) and an imaginary 
component representing energy dissipation (G”) one can calculate the 
viscoelastic properties of a tissue (G*=G’+iG”), further described in Hiscox et 
al. (2016). Finally, one can then calculate the ‘magnitude of the complex shear 
modulus’ (|G*|=√G'2+G''2), and the phase angle of the complex shear modulus 
(=arctan[G''/G']). |G*| is a tissue quantification parameter most like that 
obtained through manual palpation (Sack et al., 2013), as this accounts for 
tissue displacement (elasticity) and the rate of displacement (viscosity). Hollis 
et al. (2017a) showed support of using an MDEV inversion to reduce 
μ, η, α 
 
Figure 1.13. Springpot rheological model of multi-frequency muscle viscoelasticity (Debernard et 
al., 2013). 
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elastogram artefacts. Further, Hollis et al. (2017b) used finite element analysis 
(FEA) to model thigh muscle data to measure the reliability of viscoelastic 
measurements. It was found that the quantification of muscle elasticity 
(commonly referred to as stiffness) is a highly reliable physiological measure 
(R2=0.80) between expected and real-world measurements. In addition to this, 
Hollis et al. showed that current methods of obtaining measurements of  result 
in unreliable readings, something which is currently a known difficulty within 
the domain of MRE, which is why this thesis has focussed on reporting |G*|. 
Furthermore, the use of the measurement methodology was shown to be 




1.6 Musculoskeletal MRE Research  
MRE research has primarily been focussed on physics-based understanding of 
deforming tissues following application of acoustic waves (Sack et al., 2002; 
Ringleb et al., 2007). Limited research has been performed on groups of 
muscles, or functionally similar muscles (Bensamoun et al., 2006; Green et al., 
2012, 2013; Barnhill et al., 2013; Guo et al., 2015). A significant amount of 
musculoskeletal MRE research has focused around investigations of individual 
muscles, in particular the Biceps Brachii (arm; Dresner et al. 1998, 2001; Sack 
et al., 2002a; Uffmann et al., 2004; Papazoglou et al., 2005, 2006; Rump et al., 
2007), and Vastus Medialis (upper leg; Bensamoun et al., 2007, 2008; 








Table 1.1. Overview of MRE research investigating the human locomotion system, showing muscles 






Research Team Year Journal 
Gastrocnemius 14 Basford et al. 2002 
Archives of Physical Medicine 
and Rehabilitation 
Gastrocnemius 12 Uffman et al. 2004 NMR In Biomedicine 
Vastus Lateralis                                               
Vastus Medialis                                         
Sartorius 
14 Bensamoun et al. 2006 
Journal of Magnetic 
Resonance Imaging 
Vastus Medialis 5 Bensamoun et al. 2007 
Journal of Magnetic 
Resonance Imaging 
Vastus Medialis 6 Bensamoun et al. 2008 
Journal of Magnetic 
Resonance Imaging 
Quadriceps 7 Klatt et al. 2010 
Physics in Medicine and 
Biology 
Vastus Medialis 26 Debernard et al. 2011 Clinical Biomechanics 
Vastus Medialis 13 Debernard et al. 2011 Journal of Biomechanics 
Vastus Medialis 9 McCullough et al. 2011 Muscle and Nerve 
Gastrocnemius 8 Green et al. 2012 NMR In Biomedicine 
Quadriceps                                                       
Rectus Femoris                                                     
Vastus Intermedius                                         
Vastus Lateralis                                              
Vastus Medialis 
11 Barnhill et al. 2013 Physiological Measurement 
Vastus Medialis 13 Debernard et al. 2013 
Journal of Musculoskeletal 
Research 
Gastrocnemius                                               
Soleus 
10 Green et al. 2013 NMR In Biomedicine 
Vastus Intermedius 7 Chakouch et al. 2014 
Computer Methods in 
Biomechanics and Biomedical 
Engineering 
Gastrocnemius                                             
Soleus 
10 Guo et al. 2015 
Magnetic Resonance in 
Medicine 
Rectus Femoris                                               
Vastus Intermedius                                         
Vastus Lateralis                                               
Vastus Medialis                                   
Semitendinosus                          
Semimembranosus                                         
Bicep Femoris                                                
Gracilis                                                          
Sartorius 
29 Chakouch et al. 2015 Public Library of Science One 
Vastus Medialis 6 Bensamoun et al. 2015 
Innovation and Research in 
Biomedical Engineering 
Whole Thigh 5 Chakouch et al. 2016 
Journal of Magnetic 
Resonance Imaging 
Quadriceps 5 Hollis et al. 2017 
Magnetic Resonance in 
Medicine 
Quadriceps 15 Kennedy et al. 2018 
Journal of Magnetic 
Resonance Imaging 
Gastrocnemius                                              
Soleus 
9 Tan et al. 2018 NMR In Biomedicine 
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Muscle stiffness has been shown to increase linearly with tension (Figure 1.8), 
with the amount of stiffness increase dependent on the magnitude of muscle 
size (Dresner et al., 2001; Bensamoun et al., 2006; Klatt et al., 2010). This 
finding suggests that the relationship of muscle size and muscle stiffness may 
be used as a biomarker for investigating the health of the tissues. MRE has 
been previously utilised to measure the biceps brachii muscle in vivo for five 
participants, to model the relationship of muscle function and muscle 
mechanical properties (Dresner et al., 2001). By applying increasing levels of 
muscle loading whilst the muscle was contracted it was observed that muscle 
stiffness increased relative to the amount of weight being lifted (Range of R2: 
0.80–0.99). The relationship between muscle stiffness and load are as a result 
on muscle tension, volume and cross sectional area (CSA) as shown by Dresner 
et al. (2001). This model showed that the greater the size of the muscle, the 
greater the stiffness increase during loading. It is also suggested that the 
recruitment of more than one muscle may impact the degree to which 
mechanical properties of a muscle change.  
 
The reasoning behind muscle stiffness increases with use is due to tropomyosin 
within muscle sarcomeres. By a muscle stretching during use it allows energy 
to be stored, analogous to that of a spring. Following use, the muscle relaxes, 
and sarcomeres return to their original length, this process not requiring any 
additional energy input. As a result, by measuring the degree to which the 
mechanical properties of a muscle changes allows the use of MRE to quantify 
the capabilities of a muscle.  
 
It is evident that musculoskeletal soft tissue is viable to measure through MRE, 
however the application of this technique measuring muscle within medical 
research has been limited to date (Uffmann et al. 2004). Ringleb et al. (2006) 
showed that the quantification of muscle mechanical properties shows a 
significant pathophysiological insight, which cannot be obtained through 
measuring function alone. Comparing lateral gastrocnemius bilaterally in 
healthy controls and patients with hemiparesis, they showed that MRE was 
sensitive enough to show a differential in the bilateral muscle stiffness of the 
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asymptomatic and symptomatic groups. This showed that MRE is a viable 
imaging modality to study muscle pathology with the use of muscle stiffness 
quantification. In addition to this, there is currently only a very limited area 
of research which employs MRE to investigate the clinical pathophysiology of 
muscles: Basford et al. (2002) and Ringleb et al. (2006, 2007).  
 
1.6.1 Clinical Musculoskeletal Elastography 
Firstly, Basford et al. (2002) set out to investigate whether MRE could offer 
insight into the effects of neuromuscular dysfunction on the mechanical 
properties of muscle. It was found that compared to healthy controls, those 
with muscular dysfunction showed 42% reduction in muscle stiffness (p<0.001), 
and wave lengths increased by 204% when Soleus and Gastrocnemius muscles 
were loaded (p<0.001). This research is particularly interesting as there were 
inter-muscle differences in the amount of stiffness change with regards to 
loading and being affected by neuromuscular dysfunction.  Basford concluded 
that the use of MRE measuring the mechanical properties in muscle can result 
in greater understanding and appreciation for the effects of myopathies in 
clinical musculoskeletal investigations, especially in measuring the recovery of 
muscle and the impact of treatment.  
 
Secondly, Ringleb et al. (2006; 2007) applied MRE to noninvasively measure 
in vivo musculoskeletal tissue and validate it against the model proposed by 
Dresner et al. (2001), to quantify the effects of muscle pathology. Ringleb et 
al. showed validation of Dresner’s model of muscle due to muscle stiffness 
increasing linearly with the amount of muscle loading. The conclusion of this 
paper highlights the importance of applying MRE within clinical investigations 
of muscle, due to the extensive work to date on examining the effectiveness of 
MRE within muscle.  
 
In summary, MRE appears to be a clinically useful imaging modality that can 
provide unique insight into muscle physiology, not available by other more 
conventional techniques. The conventional use of MVC may show insight into 
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contraction force but is limited in the spatial appreciation of where the force 
may be generated. The use of MRE allows for the identification of where the 
main recruitment of muscle force is taking place, as well as the combination of 
muscles being used, something further explored in Chapter Five. However, 
there is a clear lack of research investigating the utility of MRE on the 
pathophysiology of the musculoskeletal system. Furthermore, the majority of 
studies on musculoskeletal MRE has focussed on a singular muscle, or muscle 
group; however, the musculoskeletal system is formed of antagonistic groups 
operating in opposition. Quantifying changes between muscle groups or muscle 
types, may provide greater insight into the physiology of the musculoskeletal 
system, as MRE allows for a unique methodological opportunity to measure 
both the physical and mechanical properties of muscle. Finally, there have been 
limited studies that have employed MRE to clinically relevant investigations 
of muscle injury and recovery. The overall goal of this thesis is to address each 
of these issues to investigate the clinical utility of musculoskeletal MRE.    
 
 
1.7 Thesis Objectives 
The aim of this thesis is to address the limited physiological research 
investigating the musculoskeletal system with a series of exploratory 
investigations whilst performing MRE. In order to achieve these aims, a series 
of clinically based exploratory musculoskeletal MRE investigations will be 
performed in order to quantify both muscle morphology (size and shape) and 
also the mechanical properties.  
 
 
1.8 Thesis Plan 
Chapter One has introduced the relevant topics and clinical research question 
which this thesis will address in Chapter Two to Eight.  
 
In Chapter Two, I propose a new musculoskeletal analysis pipeline as a 
methodological basis for this thesis. To quantify musculoskeletal viscoelasticity 
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an imaging methodology and analysis pipeline are proposed. The key aim of 
this pipeline is to address several issues surrounding data visualisation within 
MRE, such as colour maps, registration of images, and presenting group 
average elastograms. Through the subsequent reliability testing of this pipeline 
it is shown that the proposed pipeline can result in robust repeatable 
measurements within and between experiments. The benefit of this analysis 
pipeline is that is widely available to other research groups and may contribute 
towards a unified methodological approach to musculoskeletal MRE. 
 
The following chapters are split into two overall sections. Chapters Three and 
Four explore the passive stiffness and morphological changes in muscle tissues 
as a result of age and then immobility. Chapters Five, Six, and Seven each 
involve manipulation of the locomotor muscles through interventions including 
injury, loading, and surgery. 
 
In Chapter Three, I investigate age related change in size and stiffness, which 
can result in biomechanical abnormalities, and the overall atrophic effect of 
age. As discussed in Chapter One, age is a major contributing factor to 
musculoskeletal conditions. To date, there is a wealth of work investigating the 
impact of age on muscle size, showing that there is age related atrophy and 
diminishing strength. However, there is no evidence yet of MRE being 
employed to study the mechanical changes in muscle as a result of ageing. 
Musculoskeletal measurements of size and stiffness were obtained for 
participants ranging in age from 20-55 years old. The aim of this chapter is to 
explore whether MRE can show added insight into whether certain muscles, or 
muscle groups, are primarily affected by ageing. The hypothesis for this 
experiment is that the quadriceps will be predominantly affected by age, 
evidenced through a decrease in size. It is expected that paired with decreased 
size there will be an increase in muscle stiffness, due to impairment of anti-
gravity muscles supporting the musculoskeletal system. Results such as this 
could offer significant insight into the ageing musculoskeletal system and help 
advance geriatric research and preventative methods to keep the ageing 
population as mobile and independent as possible. 
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In Chapter Four, I examine whether muscle stiffness and size are sensitive 
biomarkers to indicate patient health, and a measure of recovery. A cohort of 
Intensive Care Unit (ICU) patients which have undergone intubation are 
scanned once at time of ICU discharge and then again following a period of 
convalescence. Measurements of muscle size and stiffness are compared 
between scans and also against healthy age matched controls. The aim of this 
chapter is not only to understand the effects that ICU based immobility has 
on the mechanical properties of muscles, but to also investigate the recovery of 
these changes during a period of convalescence. The hypothesis for this study 
is that the Quadriceps will be primarily affected by immobility, in addition to 
fat infiltration being evident in additional clinical scanning. It is expected that 
patients will be significantly impaired in their physical functioning. As 
discussed, ageing and inactive individuals show signs of musculoskeletal 
atrophy, whereas patients who are critically ill are immobile and potentially 
susceptible to systemic inflammatory effects. The use of MRE to investigate 
the physiological difference between these two states may offer significant 
pathophysiological insight, obtainable only from MRE. 
 
In Chapter Five, I re-examine previously published data using advances in 
MRE image analysis techniques to identify why some individuals were prone 
to oedema induced injury following an Exercise Induced Muscle Damage 
(EIMD) paradigm. EIMD is a common research area within the 
musculoskeletal system, due to the significant applications this may have for 
athletic training. In previous research, participants who took part in an EIMD 
protocol showed an unexpected differential in presence of oedema following 
participation. The aim of this chapter was to investigate the reasons behind 
this, and whether the use of MRE could identify why some individuals were 
prone to a greater magnitude of damage even though all participants took part 
in the same protocol. The hypothesis for this experiment is that residual 
increases in muscle stiffness, because of injury, can be used to distinguish injury 
severity between two groups of participants. It is expected that those without 
oedema induced injury will have engaged a more optimal pairings of muscles 
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compared to individuals who showed a greater magnitude of injury. Those with 
greater muscle damage will most likely have needed to engage the Quadriceps 
muscles due to a non-optimal muscle engagement strategy. Findings may be 
used to aid in the identification of individuals prone to injury whilst also 
offering new insight into the nature of muscle damage. 
 
In Chapter Six, I explore whether muscle morphology can be an biomarker for 
muscle strain, and if muscle stiffness can elucidate the magnitude of muscle 
engagement. As previously discussed, muscle stiffness is related to the amount 
of loading being applied to the tissue. A custom-made muscle loading apparatus 
allowed for sustained knee extension and flexion. During a scanning session 
changes in muscle stiffness, size and shape were examined at incrementally 
increasing loads: 0kg, 2kg, 4kg, and 8kg. The aim of this chapter is to identify 
whether there are morphological advantages present in some multiple function 
muscles, which appear to be less affected by muscle load apparent through 
morphometric adaptions. The hypothesis for this work being that the rectus 
femoris will have a greater morphometric change due to loading compared to 
the vasti muscles during sustained knee extension for this experiment, due to 
the differential in the connection to the femur between the two muscle types. 
It is expected that because of loading there will be multiple physiology changes 
in muscle including: greater muscle stiffness value, lower cross-sectional area 
and a greater axial circularity of muscles.  
 
In Chapter Seven, I implement the developed analysis methodology to measure 
the morphometric and mechanical changes in muscles performing a task before 
and after a surgical intervention. Chapter Four examined patients who were 
scheduled to undergo total knee replacement (TKR) because of osteoarthritis, 
who were scanned before and approximately 6 weeks after surgery. During an 
MRE scan patients performed a knee extension where muscle size, shape and 
stiffness were examined. The aim of this chapter was to examine whether TKR 
and participation in physiotherapy would show a decreased change in muscle 
stiffness changes associated with the task of isometric contractions. It is 
hypothesized that before TKR surgery, patients will show a significant increase 
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in muscle stiffness, during sustained knee extension. However, it is expected 
that following TKR surgery, patients should experience a decreased magnitude 
of muscle stiffness, especially in the quadriceps, when performing the task. 
 
Finally, Chapter Eight discusses the findings of each chapter and the position 
that MRE has within clinical musculoskeletal imaging. As a result, this thesis 
will show that MRE can offer important physiological insight into the health 
of muscles for a range of clinical applications. With each chapter exploring 
separate yet complimentary biomechanical examinations of the musculoskeletal 
system through utility of MRE, the potential contribution to physiological 
research is explored. As a result, the future direction of musculoskeletal MRE 
is discussed, as well as the necessity to enhance current work within 



















































































































2.1 Chapter Two Overview 
Chapter One outlined the need for future MRE work within musculoskeletal 
system to obtain a greater appreciation of pathophysiological changes due to 
injury or myopathy.  To do this, Chapter Two outlines the methodological 
approach employed in this thesis to quantify and visualise muscle mechanical 
properties. Following this, the reliability of the suggested pipeline is quantified 
to test the robustness of this pipeline being incorporated. The key questions of 
Chapter Two is: i) how will images be acquired, processed, analysed, and 
presented in a robust way? ii) how reliable is the proposed method? 
 
 
2.2 Proposed Musculoskeletal MRE Methodology  
Currently there are several issues within musculoskeletal MRE data 
visualisation, including ROI segmentation, current use of look-up tables (LUT) 
within elastograms, and a lack of co-registration templates.  The analysis 
pipeline proposed in this thesis will attempt to resolve these issues to produce 
anatomically correct elastograms of the musculoskeletal system (Figure 2.1). 
 
 
Figure 2.1. Pipeline methodology for musculoskeletal MRE data analysis and data visualisation. Step 
One: ROI measurements are acquired, Step Two: Post ESP elastogram, Step Three: Muscles 
segmentation is isolated, Step Four: Co-registration points are applied to data, Step Five: Data is co-
registered to template anatomical points, Step Six: Background thigh outline is applied in order to 
help in data visualisation. 
 38 
2.2.1 Image Acquisition 
MR imaging, including MRE was performed using a 3T Verio MRI system 
(Siemens Medical Systems, Erlangen, Germany). MRE images were obtained 
through a modified Cartesian Echo Planar Imaging (EPI) sequence at each of 
eight phase offsets, with additional motion encoding gradients (Klatt et al., 
2010, Barnhill et al., 2013, Kennedy et al., 2017) during multiple frequencies 
(25Hz, 37.5Hz, 50Hz and 62.5Hz).  An actuator cuff was placed 
anthropometrically (Figure 2.2) around the thigh (Papazoglou et al., 2006), 
one third of the distance from the patella tendon to the greater trochanter 
(Bensamoun et al., 2006).  A ring-shaped actuator placed around the thigh has 
been shown to produce axial acoustic waves (Klatt et al., 2010). Imaging 
parameters: 80 second scan duration consisted of TR = 1600ms, TE = 54ms, 
FOV = 230mm x 230mm, for five contiguous isometric slices (2.5mm x 2.5mm 
















Figure 2.2. Anthropometric placement of MRE actuator cuff for image acquisition, at the midpoint 
of the thigh as shown by +. (NHANES, 1988). 
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2.2.2 Image Processing 
Images were processed using ESP (Barnhill et al., 2015), running in MATLAB 
(MathWorks, Natick, MA), with the assumption of muscle being a solid and 
incompressible homogeneous tissue (Manduca et al., 2001). A Multi-Frequency 
Dual Parameter Elasto-Visco Inversion (MDEV) was employed to invert three-
dimensional displacement data for multiple frequencies. In addition to ESP 
reducing noise, it also resulted in a greater pixel density for MRE images, 
increasing the image pixel matrix from 93x93 to 368x368, allowing for detailed 
ROI segmentation. The use of ESP has been shown to result in elastograms 
robust to noise and viscoelastic measurements at SNR levels expected within 
in vivo image acquisition (0-10%; Hollis et al., 2017b). Hollis et al. showed that 
individual muscle coefficient of variance (CoV) of |G*| ranged from 5.29 – 
21.90% when there is 2% level of noise evident in the data, with a non-
significant linear relationship between size of a muscle and level of variance. A 
recent meta-analysis of liver MRE research showed a repeatability coefficient 
of 22% (95% CI [16.1, 28.2]), meaning that changes in MRE readings above 
this 22% threshold are considered to be real and not due to error (Suraj et al., 
2017). However it should be noted that the liver is primarily a static tissue, 
where as the dynamic nature of muscle may differ between individuals due to 
factors such as strength or stamina. 
 
2.2.3 ROI Segmentations 
Within musculoskeletal MRE there is limited research utilising ROI 
segmentations of each individual muscle across an axial slice of the thigh. It is 
more common for a small collection of individual muscles to be segmented 
(Dresner et al. 1998, 2001; Sack et al., 2002a; Uffmann et al., 2004; Papazoglou 
et al., 2005, 2006; Rump et al., 2007; Bensamoun et al., 2007, 2008; Debernard 
et al., 2011a, 2011b, 2013) or an individual muscle group (Barnhill et al., 2013; 
Kennedy et al., 2017). As discussed in Chapter One, even though muscle groups 
have functionally similar roles, each muscle has a unique architecture allowing 
it to perform a specific function. Methodology for this thesis will involve thigh 
elastograms manually segmented for 12 individual muscles from four muscle 
 40 
groups visible within the axial slice of the thigh including: quadriceps muscle 
group (rectus femoris, vastus intermedius, vastus lateralis, and vastus 
medialis), hamstrings (bicep femoris [long head and short head], 
semimembranosus, and semitendinosus), adductors (adductor longus and 
adductor magnus), and the medial rotator muscles (gracilis and sartorius). 
Region of Interest (ROI) measurements were obtained for muscle stiffness 
(|G*|, kPa), muscle size (Cross Sectional Area [CSA], cm2) and muscle 
circularity (4π[Area/Perimeter2]). Muscle circularity is quantified as a scale 
between 0-100%, 0% being an irregular polygon and 100% being a perfect circle. 
The use of quantifying muscle circularity is to show the axial deformation of 
the muscle at different levels of tension and paired with the other measures 
may show new insight into the morphological change in muscle during 
engagement. As a result, this will allow for the morphological and mechanical 
composition of each muscle, and also the interaction between one another, 
something explored in Chapter Six. 
 
2.2.4 Data Visualisation Colour Maps 
Current MRE data visualisation largely incorporates the use of the MATLAB 
default Look-up table (LUT) ‘Jet’ (as seen in Figure 1.7 and Barnhill et al., 
2013). However, Thyng et al. (2016) discusses several issues with this LUT for 
data visualisation. Firstly, a grey scale LUT represents minimum values as 
dark and maximum values as light, however the ‘Jet’ LUT visualises data with 
minimum and maximum values of hue, as opposed to differing degrees of 
luminance (Figure 2.3; Stauffer et al., 2015). This is an issue due to hue being 
cyclical and luminance being linear. Due to there not being clear linear 
minimum and maximum data points, this can lead to an increased chance of 
error in analysing data due, particularly when used in clinical research (Borkin 
et al., 2011). A second way in which the ‘Jet’ LUT may cause image artefacts 
is due to the non-monotonic lightness profile of the LUT. Within ‘Jet’ the 
lightness of the LUT does not gradually change, unlike a sequential LUT, which 
Stauffer et al. (2015) outlines as the most suitable LUT for continuous data 
(such as that seen in the elastograms in this thesis). As a result, the CMOcean 
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LUT suite (Thyng et al., 2016) was developed in order to offer data scientists 
more choice in how to accurately display their data (Figure 2.4), with this 
recently being made available in ImageJ (Rasband, 1997) for clinical image 





























Figure 2.3. HCL Colour system in deciding colour including Hue (Pigment), Chroma 









Figure 2.4. Comparison of LUTs displaying data. A: LUTs for Grey Scale, Jet, and Haline. B: 
Relative grey scale LUT. C: Lightness of LUT. D: Representation of LUT visualising data. 
Adapted from Thyng et al. (2016). 
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2.2.5 Musculoskeletal MRE Template 
Data visualisation within MRE conventionally uses a single participant as an 
example for measurements of mechanical properties, or a small selection 
(Kennedy et al., 2017; Hollis et al., 2017b). A significant problem with this is 
that there is no opportunity to examine the average differences between 
participants, with the varied muscle morphology anatomy acting as a confound 
interfering in appreciating what data is being shown. Previously, Barnhill et 
al. (2013) showed that a ‘Moving Least Squares’ algorithm (Schaefer et al., 
2006) was a suitable method in which to co-register MRE data, using 125 
anatomical landmarks. Taking this methodology further, an idealised thigh was 
designed (Figure 2.5; Perrins 2018b) in which 180 anatomical points were 
manually plotted in ImageJ (Figure 2.6). In creating a single template, it avoids 
possible confounds arising from co-registration of data to a specific elastogram 



















Figure 2.5. Proposed musculoskeletal template for use in co-registering MRE data, based on idealised 
thigh image for data visualisation (Available from Perrins, 2018b). 
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By co-registering data to a single template it allows for the appreciation of 
differentials in location of stiffness within the thigh and makes it easier to 
appreciate this without navigating the muscular architecture. A consequence 
with this however is that size changes cannot be visually accounted for 
following co-registration, and to address this, a zoom factor is applied as a 
percentage of the change from baseline in elastograms (example in Figure 3.1) 
 
 
2.3 Summary of Proposed Pipeline  
The pipeline which is proposed in this chapter addresses several data 
visualisation concerns. Firstly, this pipeline will segment an entire axial slice 
of the thigh, to obtain measurements for changes in the mechanical properties 
of muscle, as well as morphological. Secondly, by utilising a sequential LUT 
(as opposed to the conventional ‘Jet’ LUT used within MRE), the resulting 
elastograms will be less likely to display visual artefacts, and so will clearly 
visualise the mechanical properties of individual muscles to both novice and 
expert researchers. The selection of colours to represent data may appear on 
the surface arbitrary, yet it is actually a key factor, as a sequential LUT best 
shows continuous data, and a too large a range of colours may cause visual 
artefacts. Finally, by co-registering elastograms to a single template it will aid 
in visual analysis of mechanical properties of muscles without muscle 
morphology acting as a confound. In conclusion, transforming processed MRE 
data into a clear template using sequential LUTs assists with analysis of 








































Figure 2.6. Example of co-registration method on three different thigh data towards an average template 
of the participants. Showing the stages in the pipeline. Firstly with muscle segmentation, followed by 
the plotting of anatomical points on each example in relation to the template thigh, and finally showing 
each thigh co-registered to the template whilst keeping individual mechanical data intact.  
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2.4 Reliability Testing of Proposed MRE Pipeline  
To test the reliability of a proposed analysis pipeline and the measurements 
obtained, a single participant was scanned five times within one hour, with 
ROI measurements compared within (intra-rater) and between (inter-rater) 
experimenters (Figure 2.7), with ethical approval being obtained under the 
development of this pipeline. 
 
2.4.1 Methodological Design 
A single participant was scanned five times within a one-hour scanning session 
with the previously described acquisition protocol (See section 2.2.1). Whilst 
being scanned multi-frequency MRE was performed (25, 37.5, 50 Hz) taking 4 
minutes, this being repeated 5 times. Between each scan the participant stood 
up from the scanner for 3 minutes and the MRI scanner was reset to original 
set up. To ensure the scanning position was the same for each scan, the 
actuator cuff remained on the participant throughout the hour. Analysis 
consisted of four stages: i) Intra-rater reliability of muscle CSA and |G*| across 
the five scans, ii) Inter-rater reliability between CSA and |G*| measurements, 
iii) intra-rater reliability of anatomical points plotted on images from each 
scan, and vi) reliability of |G*| of co-registered elastograms between scans. 
 
2.4.2 Statistical Analysis 
ROI measurements were reported as mean, standard deviation and the 
coefficient of variance (CV), in order to best show the reliability of ROI 
measurements. Due to a single participant being measured several times, a 
Mauchley’s test of sphericity was performed to measure the variance for the 
within-subject analysis for ROI measurements. The assumption that there was 
equal variance was violated and so a Greenhouse-Geisser correction was used 
to account for this. Finally, Cronbach’s Alpha analysis was performed on intra-






























Figure 2.7. Image matrix of repeatability testing. Test one for ROI segmentations (CSA and |G*|), 
Test two for co-registration points, and Test three for post co-registration |G*| reliability. 
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2.4.3 Reliability Analysis of ROI Measurements 
Firstly, CSA measurements of each muscle were averaged, for scan 1 
(M=19.53[±33.14]cm2, CV=170%), scan 2 (M=19.94[±33.75]cm2, CV=169%), 
scan 3 (M=19.43[±32.92]cm2, CV=169%), scan 4 (M=19.27[±32.56]cm2, 
CV=169), and scan 5 (M=18.93[±32.13]cm2, CV=170). These measurements 
were analysed using a repeated measures ANOVA, with muscle CSA being the 
within-subjects factor. A Mauchly’s test of sphericity indicated that the 
assumption of sphericity had been violated (p<0.001), resulting in the degrees 
of freedom being corrected using Greenhouse-Geisser estimates (=0.37). This 
analysis showed that there was no significant difference of muscle CSA between 
scans (F[1.46, 16.10]=1.58, p=0.235, ηp2=0.125). A Cronbach’s Alpha revealed 
an excellent level of intra-rater reliability (5 items; =1.00). An inter class 
correlation analysis showed that there was also an excellent level of inter-rater 
reliability between muscle CSA measurements (ICC=0.998). 
 
Secondly, |G*| measurements were also averaged across muscles for each scan 
including scan 1 (M=1.36[±0.22]kPa, CV= 16%]), scan 2 (M=1.52[±0.19]kPa, 
CV=13%]), scan 3 (M=1.51[±0.24]kPa, CV=16%]), scan 4 
(M=1.47[±0.20]kPa, CV=14%]), and scan 5 (M=1.45[±0.15]kPa, CV=10%]). 
In addition to the CSA measurements, the |G*| measurements were analysed 
using a repeated measures ANOVA, with muscle |G*| being the within-subjects 
factor. A Mauchly’s test of sphericity indicated that the assumption of 
sphericity had also been violated (p=0.018), resulting in the degrees of freedom 
being corrected using Greenhouse-Geisser estimates (=0.56). This analysis 
showed that there was no significant difference for muscle |G*| between scans 
(F[2.22, 24.46]=0.672, p=0.615, ηp2=0.058). A Cronbach’s Alpha revealed an 
excellent level of intra-rater reliability (5 items; =0.831). An inter class 
correlation analysis showed that there was also an excellent level of inter-rater 




2.4.4 Reliability of Anatomical plots 
The XY co-ordinates for each of the 180 anatomical plots which were mapped 
per image. This resulted in 5 lots of 180 ‘X’ co-ordinates, and 5 lots of 180 ‘Y’ 
co-ordinates. An example of co-registration from anatomical plotting is shown 
through figure 2.7 with the mechanical features (i.e. stiffness) evident in the 
original elastogram are retained in the template thigh layout. A Cronbach’s 
Alpha revealed an excellent level of intra-rater reliability for placement of 
anatomical plots (10 items; =0.911). 
 
2.4.5 Reliability of Co-Registered Elastograms 
Due to the high level of intra-rater reliability in both |G*| and anatomical 
mapping, the final measurements analysed were those on co-registered 
elastograms. |G*| measurements for each co-registered elastogram were 
obtained for scan 1 (M=1.36[±0.24]kPa, CV=16%]), scan 2 
(M=1.51[±0.18]kPa, CV=12%]), scan 3 (M=1.48[±0.20]kPa, CV=14%]), scan 
4 (M=1.43[±0.18]kPa, CV=13%]), and scan 5 (M=1.43[±0.16]kPa, CV=11%]). 




2.5 Chapter Summary 
The aim of this chapter was to explore the methodological background of 
musculoskeletal MRE to propose a pipeline to conduct data analysis and to 
visualise the mechanical properties of muscle. Reviewing the literature 
highlighted robust methods of image acquisition, processing and analysis, as 
well as pinpointing some issues with data visualisation. The pipeline proposed 
in this chapter addresses the concerns raised of conventional MRE data 
visualisation by incorporating sequential LUT’s and template co-registration. 
The reliability of each stage of the pipeline was also examined, showing 
excellent levels of intra-rater and inter-rater reliability, suggesting that it is a 
robust methodology which may be adopted by future researchers investigating 































































3.1 Chapter Three Overview  
As mentioned in Chapter One, ageing is a significant contributor to 
musculoskeletal conditions, which then impacts the quality of life for older 
individuals. It is well known that there are atrophic effects associated with 
ageing, something not largely examined with MRE. In identifying muscle 
groups prone to the effects of ageing, particularly changes in the mechanical 
properties, this research will contribute to aid geriatric physiotherapy. This 
insight may offer important new insight into the musculoskeletal 
pathophysiology of the ageing human. The aim of this chapter, and exploratory 
study, is to examine the physical and mechanical changes in thigh muscles with 
age. Here it is shown that with age there is an associated increase in muscle 
stiffness, a decrease in muscle size, and as a result a reduction in muscle CSA 
in relation to residual muscle stiffness. This change in relationship of 
morphology and mechanical properties may offer insight into future 
musculoskeletal research investigating ageing. The question Chapter Three 
attempts to answer is: What is the impact that ageing has on the mechanical 




The loss of muscle mass is known as sarcopenia and is a leading cause of 
impairment in older age (Evans, 1995; Morley et al., 2001). Muscle cross-
sectional area (CSA) decreases through ageing (Campbell et al., 1973; Grimby 
et al., 1983; Lexell et al., 1988; Holloszy et al., 1995; Frontera et al., 2000; 
Roubenoff, 2003) in combination with a loss of muscle force (Faulkner et al., 
1995; Holloszy et al., 1995; Harris, 1997; Frontera et al., 2000; Doherty, 2003; 
Johnson et al., 2004; Goodpaster et al., 2006; Metter et al., 1997, 1999, 2002; 
Narici et al., 2010). Muscle CSA and muscle force have been shown to be 
significantly correlated (Bruce et al., 1989), so muscle size is considered an 
anatomical biomarker for muscle strength (Wickiewicz et al., 1983, 1984). 
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The loss of muscle strength with age is known as dynapenia (Clark et al., 2008; 
Manini et al., 2011). Strength changes occur more rapidly in comparison to 
muscle size changes, suggesting that there is a decline in muscle quality with 
age (Bruce et al., 1989; Vandervoort et al., 1986, 2002; Goodpaster et al., 2006), 
as well as a neurological function (Clark et al., 2008). Further, decreased 
mobility and muscle force of knee extensions has been shown to be associated 
with poor health in older adults (Laukkanen et al., 1995; Rantanen et al., 2000, 
2003). The quadriceps are particularly prone to the effects of ageing, with 
Maden-Wilkinson et al., (2013) showing the quadriceps decrease in size by one 
third between the ages of 22–72. Results from Lexell et al. (1988) suggest that 
vastus lateralis begins to show signs of age-related atrophy at the age of 25, 
worsening with age, due to the loss of muscle fibres. Recent research has shown 
that a differential in sarcopenic and pre-sarcopenic muscles is that in addition 
to the loss of muscle fibres, the size of these fibres are much smaller in those 
individuals with sarcopenia (Piasecki et al., 2018). 
 
There is limited research on the effects of ageing on muscle stiffness, however, 
Alnaqeeb et al., (1984) showed evidence that with age there is an increase in 
the connective tissue of muscles, which results in increased muscle stiffness. 
Increased connective tissue in muscles is directly correlated with atrophy 
because of ageing (Lowry et al., 1942; Williams et al., 1984). Increased muscle 
stiffness has also been shown following muscle strain (Howell et al., 1993; 
Barnhill et al., 2013), so as muscles decrease in size with age then muscles are 
increasingly strained to perform tasks with decreased muscle force, resulting in 
progressive injury.  
 
An additional factor which may affect musculoskeletal mechanical properties 
is that with decreased size of muscles, there may likely be a residual increase 
in muscle stiffness because of extra stress being elicited. As the size of muscles 
decrease with age, there will be a lower ratio of CSA to kPa older individuals, 




The aim of this investigation is to measure changes in muscle morphometry 
and mechanical properties, through Magnetic Resonance Elastography (MRE), 
to identify certain muscles, or muscle group which are prone to ageing effects. 
Firstly, we expect the biomarker for ageing effects to be muscle atrophy paired 
with increased muscle stiffness. As the quadriceps muscle group are the key 
anti-gravity muscles, it is expected that there will be an increase in muscle 
stiffness if there is age related atrophy, due to a greater level of muscle strain 
during engagement. In addition to this, it is expected that older individuals 
with have a lower ratio of CSA to kPa in muscles compared to younger adults. 
This investigation will primarily aid in methodological appreciation of 
mechanical changes associated with age, highlighting the gradual impact that 




3.3.1 Methodological Overview 
Data from healthy individuals from this thesis were analysed to examine the 
mechanical physiological changes in muscle tissue because of ageing. Analysis 
covered whole thigh, individual muscle groups and individual muscles, to 
identify regions which are prone to ageing atrophy. Participants were initially 
split into two age groups to show simple mean changes between younger and 
older adults. The analysis is then taken further to examine changes in CSA, 
|G*| and the ratio between the two across age as a factor, as opposed to 
between two age groups. 
 
3.3.2 Participants 
Scan data was analysed from 15 participants from Chapters Four and Five 
from healthy active males (M=80.18kg, 95% CI[73.08, 87.28]) ranging from 20-
55 years old (M=35.33 years old, 95% CI[28.00, 42.67]), with ethics allowing 
for data comparison from these two investigations. Individuals were normally 
distributed in two age groups based on whether they were younger or older 
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than the mean age. As a result, there was a Younger group (n=8) with a mean 
age of 24.43 [±4.31] years and an Older group (n=7) with a mean age of 47.57 
[±7.74] years. Participants were all healthy active male adults. 
 
3.3.3 Image Analysis 
Region of interest (ROI) measurements were taken for |G*| (kPa) and muscle 
cross-sectional area (CSA). For visualisation of mean |G*| increases a ‘Moving 
Least Squares’ (Schaefer et al., 2006) algorithm was used to co-register each 
participant to a custom template. Association between participants age, muscle 
|G*|, and CSA were examined. An additional measure of physiological change 
was the ratio for CSA per kPa, an attempt to have a greater physiological 
insight of muscles. The mean ratio of CSA and |G*| was quantified for the 
thigh overall, and for individual muscles. Due to the difference in data 
acquisition methods between data, images from Chapter Five being scaled 
down to match the data of Chapter Four.  
 
3.3.4 Statistical Analysis 
Firstly, the mean comparison between age groups was conducted for both the 
|G*| and CSA of muscles, as well as the ratio of CSA per kPa. All comparative 
descriptive data was expressed as mean ± standard deviation. To ensure equal 
distribution of each group and between the two groups were compared. The 
comparison of the mean group differences were analysed through a one-way 
ANOVA. Following this, mean changes across age as a factor were examined, 




3.4.1 Comparison of Age Groups 
Age groups were normally distributed as shown through a Kolmogorov-
Smirnov test (Younger age group: D[8]=0.182, p=0.200; Older age group: 
D[7]=0.288, p=0.082), as well as non-significant variance (F[1,13]=0.85, 
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p=0.374), and adequate statistical power between groups (d=0.990). There was 
not a significant difference in weight between groups (F[1,13]=1.06, p=0.322). 
Between the age groups the CSA, |G*| and subsequent ratio of CSA to kPa 
was measured. Firstly, a difference  was observed for muscle CSA between 
groups (Younger group: 176.80[±26.60]cm2 vs Older group: 
116.37[±27.62]cm2), with the older group showing a reduced overall CSA of 
34% (F[1,13]=18.83, p<0.001), this also being observed for individual muscle 
CSA (Younger group: 14.65[±11.18]cm2 vs Older group: 9.70[±7.17]cm2).  
Secondly, muscle |G*| was greater on average for the older age group in 
comparison to the younger age group (Younger group: 1.33[±0.17]kPa, Older 
group: 1.43[±0.35]kPa), significantly greater by 7% (F[1,190]=5.35, p=0.022; 
Figure 3.1). Further, the ratio of muscle CSA per kPa was greater in the 
younger group (132.01[±22.87]cm2) compared to the older group 
(79.34[±13.78]cm2). The younger age group showed 40% greater overall ratio 


















 Figure 3.1. Average |G*| for each age group, with the decreases overall CSA of the older 


































 Figure 3.2. The ratio between the amount of CSA per kPa with each age group, showing a si




3.4.2 Biomechanical Changes Correlated with Age  
Data was normally distributed across age as shown through a Kolmogorov-
Smirnov test (D[15]=0.167, p=0.200). Changes in muscle tissue were correlated 
with age whilst separating the groups. Age was correlated with CSA and |G*| 
changes, showing a moderate negative correlation with for CSA (r[14]=-0.66, 
p=0.007) and moderate positive correlation with |G*| (r[14]=0.53, p=0.040). 
However, age was not significantly correlated with weight (r[14]=0.42, 
p=0.116). Following this, the ratio of CSA to kPa was correlated with age, 
with a strong negative correlation being observed (r[14]=-0.77, p=0.001).  A 
linear regression analysis showed that there was an increase of 6Pa in muscle 
per year of age (R2=0.23, F[1,14]=5.18, p=0.040), a decrease in muscle CSA 
by 2.03cm2 per year of age (R2=0.40, F[1,14]=10.20, p=0.007) and a -1.9cm2 
loss in CSA to kPa per one year of age (R2=0.55, F[1,14]=18.33, p=0.001). As 
a result, anthropometry measurements (i.e. age and weight) were examined as 
a predictor for the ratio of muscle CSA to kPa, with this being found as strong 
predictor (R2=0.72, F[3,11]=12.94, p=0.001). 
 
3.4.3 Muscle Groups Prone to Ageing Atrophy 
Examining the physiology change with age was then focussed on individual 
muscle groups. Correlations with age for CSA and |G*| were observed for 
quadriceps (CSA: r[14]=-0.66, p=0.006; |G*|: r[14]=0.57, p=0.020). Whilst only 
CSA was correlated with age in the adductors (r[14]=-0.61, p=0.013) and 
medial muscles (r[14]=-0.76, p=0.001). The hamstrings showed no significant 
correlation of anatomical change with age (CSA: r[14]=-0.34, p=0.192; |G*|: 
r[14]=0.40, p=0.124). Furthers, quadriceps CSA and age were observed as 
significant predictors for Quadriceps |G*| (R2=0.55, F[3,12]=7.02, p=0.006). 
Next, the ratio of CSA to kPa was correlated with age between muscle groups 
(Figure 6.3), with the CSA to kPa ratio being highly correlated with age in 
quadriceps (r[14]=-0.77, p<0.001; Figure 3.3), medials (r[14]=-0.77, p=0.001), 
and adductors (r[14]=-0.65, p=0.006),  and the hamstrings showing a non-
significant association between atrophy with age (r[14]=-0.49, p=0.052). A 
linear regression analysis showed that there was a loss of 0.98cm2 CSA to kPa 
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per year in the quadriceps (R2=0.57, F[1,14]=20.69. p<0.001), a loss of 0.11cm2 
per year in the medial muscles (R2=0.56, F[1,14]=20.04, p=0.001), and also a 

























3.4.4 Changes in Individual Muscles from Ageing 
Finally, individual muscles which were prone to changes in |G*| were identified. 
Of the 12 muscles segmented it was only vastus medialis that showed an 
individual significant change in |G*| associated with increasing age (r[14]=0.58, 
p=0.018), with a linear regression showing an increase in 13Pa for every year 
Figure 3.3 The changes in CSA to kPa observed within the quadriceps muscle group 
correlated with age. Dashed red lines representing the 95% confidence interval. 
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of age (R2=0.29, F[1,14]=7.19, p=0.018). When the CSA of vastus medialis 
was taken into consideration, the strength of the linear regression increased 
(R2=0.86, F[3,12]=31.35, p<0.001). Interestingly, the vastus medialis did not 
show any significant age related atrophy (r[14]=0.09, p=0.733).  
 
The CSA to kPa for individual muscles were then measured. All the quadriceps 
muscles, apart from vastus medialis, showed a significant loss of CSA per kPa 
as a result of ageing, including rectus femoris (r[14]=-0.69, p=0.003), vastus 
intermedius (r[14]=-0.62, p=0.010), and particularly vastus lateralis (r[14]=-
0.74, p=0.001). Both the adductor muscles showed significant correlation with 
age and CSA to kPa (Adductor Longus: r[14]=-0.54, p=0.029; Adductor 
Magnus: r[14]=-0.65, p=0.006). Only the semitendinosus showed significant 
loss of CSA to kPa associated with age within the hamstrings (r[14]=-0.69, 
p=0.003), with gracilis being the only medial muscle showing a similar loss of 




The aim of this study set out to investigate whether certain muscles could be 
identified as being prone to ageing effects. The hypothesis for this investigation 
was that in addition to atrophic effects of ageing, there will be likely increases 
in muscle |G*|. As expected, muscle |G*| increased with age, as well as the 
quadriceps muscle group being primarily affected by age-related atrophy, 
supporting previous research (Lexell et al., 1988; Narici et al., 2008; Maden-
Wilkinson et al., 2013). This may be due the quadriceps being primarily anti-
gravity and weight bearing muscles, so age-related atrophy may have resulted 
in increased level of strain, as muscle CSA is correlated to muscle force (Lieber 
et al., 2011). It should be noted that whilst the size of muscle can impact the 
strength output of muscles, there is also a neurological basis to muscle output. 
A further finding to support this explanation was evidence of a significant 
relationship between the age of an individual and the size of the quadriceps in 
predicting mechanical properties. Further, the age of an individual and the size 
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of the vastus medialis was shown to be a particularly strong predictor for |G*| 
(R2=0.89). 
 
The findings of this study support previous research, which found that the 
quadriceps were primarily affected by ageing-effects (Lexell et al., 1988; Trappe 
et al., 2001). The quadriceps did not atrophy uniformly, with the greatest 
decrease observed in vastus lateralis, and the vastus medialis not showing 
significant atrophy due to age. Traditionally, the method of measuring muscle 
quality is to assess the lean muscle (N/g). However, from investigating the 
effects of ageing and muscle size on |G*|, this study showed that the largest 
muscle groups of quadriceps and adductors were primarily compromised by 
ageing, with the medial muscles slightly less affected and hamstrings muscles 
not appearing to be significantly affected by increasing age.   
 
The current literature on this topic with Grosset et al. (2007) showing that 
young children (7-11 year old) have a lower muscle stiffness than adults (21 
years old).  Further, Hortobágyi et al. (2000) showed that there was increased 
muscle stiffness in older participants (69 years old) compared to younger adults 
(20 years old). Hortobágyi determined that during a stepping protocol, there 
was increased stiffness (and muscle co-activation) in older participants in order 
to increase stability, as a result of decreased neuromotor functions. Eby et al., 
(2015) investigated stiffness of the biceps brachii of adults aged between 21-94 
years old, finding that muscle stiffness increased with age, particularly above 
the age of 60, where overall muscle strength has been shown to significantly 
decrease. Decrease in muscle strength can be somewhat explained through age 
related decreases in muscle size (Aniansson et al., 1981; Lexell et al., 1983, 
1988; Essén-Gustaysson et al., 1986; Evans et al., 1992; Porter et al., 1995). 
Maden-Wilkinson et al. (2013) also showed a 30% decrease in quadriceps size 
in older adults (72 years old) compared to younger adults (22 years old). 
Finally, Jones, Rikli and Beam (1999) showed that with increasing age, there 
was an associated decrease in lower body strength, supporting our findings that 
increased muscle stiffness was associated with age (Larsson et al., 1978; 
Viitasalo et al., 1986; Narici et al., 1991; Häkkinen et al., 1996, 1998). The 
 61 
result of this chapter is important as the ageing population increasingly requires 
supportive measures to enable people to remain at home as long as possible. 
The findings here may give insight into how best to enable physiotherapy and 
muscle strengthening measures, as it offers a quantitative method to study the 
effects of exercises aimed at muscle strengthening. 
 
The present study, which demonstrated differential differences in muscle CSA 
and muscle |G*| for each muscle group provides new insight into better 
understanding age related changes of muscle mechanical properties as a 
possible biomarker for quality of muscle, through application of the variable 
|G*|. Though the results of this investigation support the hypothesis, there are 
limitations to the conclusions of this analysis. Even though there is a normal 
distribution of age, there are a limited number of participants, with a possible 
variety in activity levels, where the younger adults may have been more active 
than the older adults. Health of participants across ages is a particularly 
difficult to control for, in particular the level of habitual exercise as this may 
impact residual muscle stiffness, and so there may be more than just age 
contributing to the mechanical properties and CSA of muscles. However, this 
chapter does show that in addition to the previously observed size changes in 
muscle with age, there are also mechanical changes with age. These results 
should be treated as pilot data, to offer a first step in using MRE to measure 
ageing effects in muscle, as there are currently no published results on using 
MRE to study musculoskeletal ageing.  
 
This chapter has shown that as a result of the decreased muscle size, there was 
an increase in the stiffness of muscles. This result suggests that with age there 
is a greater degree of residual stiffness, potentially due to a lower muscle size 
– a conventional measure of muscle strength.  Increased muscle stiffness has 
previously been shown to be related to increased levels of connective tissue as 
a sign of atrophy. These findings support previous research showing that age 
resulted in an increase in overall muscle stiffness (Alnaqeeb et al., 1984). 
Increased muscle stiffness could be a sign of decreased muscle quality, or 
effectiveness in performing tasks, as previously suggested by Bruce et al., (1989) 
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and Goodpaster et al., (2006). To further add to the possible measure of muscle 
quality, the ratio between CSA and kPa has been shown here to be a valuable 
method in distinguishing individuals between groups, which should be 
continued in future research.  
 
In summary, by using MRE, age related changes can be detected in muscles 
through the quantification of muscle morphology and mechanical properties. 
From the findings of this pilot work that there is a distinction in the ratio of 
size of muscles to stiffness of muscles between younger and older adults. In 
addition to this, it was also apparent that with the decreasing size of muscles 
there was a relative increase in the stiffness of muscles, something which would 
be of interest to further pursue in future muscle ageing work. The use of MRE 
in this pilot study has shown that MRE may be used to quantify passive (as 
opposed to active changes such as muscle engagement) physiological changes 
in muscle. Further research may be able to offer insight into musculoskeletal 
stability of geriatric patients by incorporating measurements of muscle 










































































4.1 Chapter Four Overview 
In the previous chapter, there was a native change in muscle mechanical 
properties through ageing, this static change in muscle mechanical properties 
is further explored in this chapter which explores the impact of immobility. 
The impact that immobility has on muscle stiffness has not been previously 
explored within MRE. It is well known that a short period of time in an 
Intensive Care Unit (ICU) can result in muscle atrophy, however by using 
MRE in this pilot study insight can be gathered on mechanical changes. 
Examining patients at time of ICU discharge and return allowed for a rare 
opportunity to contribute to the limited imaging research on post-ICU 
musculoskeletal recovery. As a result of this contribution, future ICU-Acquired 
Weakness (ICU-AW) recovery plans could be assessed through the use of MRE 
to measure changes in muscle morphology and mechanical properties. Here it 
is shown that stiffness and size of a muscle decreases when we expect a person 
to be weaker and increases when we expect them to be stronger – this is also 
explored in the EIMD work (see Chapter Five). The questions being answered 
by Chapter Four are: i) What impact does time in ICU have on the size and 
mechanical properties of muscle? ii) Are these negative effects recovered after 




Patients requiring admission to an Intensive Care Unit (ICU) during a critical 
illness often require mechanical ventilation. This often leads to immobility and 
subsequent associated muscle weakness (Herridge, 2009; Herridge et al., 2011; 
Puthucheary et al., 2013), inactivity muscle atrophy (Plank et al., 2000; Reid 
et al., 2004; Gruther et al., 2008;), and micro-structural changes (Griffiths et 
al., 1995; Helliwell et al., 1998; Burnham et al., 2005). Skeletal muscle accounts 
for 40% of body mass, a reserve relied upon whilst critically ill, as patients can 
lose 1-4% of body mass per day (Griffiths, 1996, Finn et al., 1996), resulting in 
severe muscle wastage (Helliwell et al., 1991). ICU-acquired weakness (ICU-
AW) from non-use of muscles has been shown to negatively affect muscle 
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morphology, function and strength (Tabary et al., 1972; Tomanek et al., 1973, 
1974; Duchateau et al., 1987; Gibson et al., 1987; Kortebein et al., 2008; 
Puthucheary et al., 2010), with possible long term effects (Latronico et al., 
1996; Coakley et al., 1998; Griffiths et al., 1999; De Seze et al., 2000; Herridge, 
2002; Fletcher et al., 2003; Garnacho-Montero et al., 2001; De Jonghe et al., 
2007; Stevens et al., 2007; Guarneri et al., 2008; Puthucheary et al., 2010). 
Muscle immobilization primarily affects anti-gravity muscles (i.e. the 
Quadriceps), leading to atrophy (Edgerton et al., 1975; Maier et al., 1976; 
Booth et al., 1982; Spector et al., 1982; Witzman et al., 1982; Musacchia et al., 
1983), and as muscle size is directly correlated with force output (Burkholder 
et al., 1994; Lieber et al. 2001, 2011), ICU patients tend to show muscle 
weakness at discharge. Additionally, it is possible to measure the fatty 
infiltration of muscles, i.e. how much of a muscle consists of fat (Doro et al., 
2009). Further, it has been shown that critical illness may result in an increase 
in intramuscular lipids, or increased muscle fat fraction associated with muscle 
wastage (Caesar et al., 2013). This decrease in muscle quality may impact 
functional ability. Dirks et al. (2014) showed the preservation of anatomical 
features does not necessarily preserve function, due to neuro-muscular 
degeneration being associated with immobility. As a result, it is important to 
take into consideration both anatomical and functional abilities of patients 
following ICU in order to study patient recovery. 
 
Recovering ICU patients may require a lengthy rehabilitation process, yet some 
muscles tend to be resistant to increased rehabilitation (Griffith et al., 2016). 
Walsh et al. (2015) showed that increasing levels of post-ICU rehabilitation 
did not improve the physical recovery of patients but did improve patient 
satisfaction. However, pre-immobilization activity was shown to negate 
immobility based weakness (Appell et al.,1986). A factor which impacts the 
length of recovery is a systemic inflammatory process, (Griffith et al., 2016), 
interrupting the pathophysiological process of muscle recovery in the first three 
months following discharge. An additional factor which impacts post-ICU 
recovery is unplanned early hospital readmission (Donaghy et al., 2018). Up to 
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25% of patients required rehospitalisation following ICU (Lone et al., 2016), 
making the study of healthy ICU recovery challenging. 
 
Muscle contractures, or muscle shortening, is another potential consequence of 
periods of immobility (Dittmer et al., 1993; Mollinger et al., 1993; Souren et 
al., 1995; Trudel et al., 2000; James et al., 2001; Herridge et al., 2003; 
Laneuville et al., 2007; Winkelman et al., 2007) which can limit muscle 
function. Sinkjaer et al. (1988) suggested that reduced muscle range could also 
increase muscle stiffness. Clavet et al (2008) showed that due to prolonged 
immobility of ICU patients, joint contractures prevalence was 34%. Souren et 
al., (1995) reported that muscle contracture showed a highly correlated 
occurrence with functional impairment (r=0.70; p<0.001). The reduction in 
muscle length and decreased muscle strength may result in further muscle 
damage during forced lengthening (Lieber et al., 1993).  
 
ICU-AW affects more than half of ICU patients and is therefore of great clinical 
interest (Vincent et al., 2009). Magnetic Resonance Imaging and Magnetic 
Resonance Elastography (MRE), enabled us to study the pathophysiology of 
thigh muscles in patients following ICU admission. This study aimed to obtain 
images of muscle cross-sectional area (CSA) and muscle stiffness (kPa) of ICU 
patients at discharge and following a recovery period of convalescence, in 
addition to functional ability and muscle fat fraction. We hypothesize that 
both muscle size and stiffness will decrease following time in ICU, primarily in 
anti-gravity Quadriceps muscle group. It is also expected that there will be an 
increase in muscle size and partially in stiffness following convalescence, 









4.3.1 Methodological Overview 
Scan data was compared between healthy individuals and patients at the time 
of discharge from ICU. Scan data allowed for quantification of muscle CSA and 
|G*|, to measure the effects of immobility during time in critical care. An 
important aspect of this methodology was also to measure the degree of 
recovery after convalescence, with the comparison of scan data at discharge 
and following recovery time.  
 
4.3.2 Participants 
Ethical approval for this study was obtained from the South East Scotland 
Research Ethics Committee (Reference: 165265). Data was obtained for 9 ICU 
patients (Age: 47.56 [±14.77] years; Mass: 82.78 [±19.45] kg) who had been 
mechanically ventilated for 48 hours or more and had a Rivermead Mobility 
Index of 14 or above and were due to be discharged. Five ICU patients (47.00 
[±12.29] years; 82.40 [±22.21] kg) were also imaged following a period of 
convalescence (110 [±15] days) and a home physiotherapy plan (Appendix I), 
of which four were present for two scans. As a result, there were two time 
points for scans, one at time of discharge and a second if a patient was able to 
attend following convalescence. For patients, Acute Physiological and Chronic 
Health Evaluation II (APACHE II) was performed, with additional measures 
of Functional Comorbidity Index (FCI) and number of days in ICU. All 
patients gave written informed consent. In addition to this, data was obtained 
for 10 age and mass matched healthy controls (47.90 [±14.04] years; 85.01 
[±14.58] kg).  
 
4.3.3 Data Acquisition, Processing, and Image Analysis 
Methods of image acquisition and processing were previously outlined in section 
2.4.1. Imaging parameters for an 80 second scan duration consisted of TR = 
1600ms, TE = 54ms, FOV = 230mm x 230mm, for five contiguous 2.5mm x 
2.5mm x 2.5mm3 isometric slices, which resulted in an image matrix of 93 x 
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93. Data processed through ESP consisted of reduced noise in the individual 
MRE images and the combination of information from several actuation 
frequencies is used as a basis for presenting the resulting elastograms with an 
increased pixel density from 93 x 93 to 368 x 368. Region of interest (ROI) 
measurements were taken for |G*| (kPa) and muscle cross-sectional area 
(CSA). For data visualisation of participant group images, a ‘Moving Least 
Squares’ (Schaefer et al., 2006) algorithm was used to co-register each 
participant to a template image in ImageJ (Rasband, 1997). Functional 
measures were also obtained from patients, these including a shuttle walk test 
and a hand grip strength test. The shuttle walk test involves walking between 
two points, each 10 metres apart, with a decreasing amount of time allowed to 
reach each end.  
 
4.3.4 Statistical Analysis 
Statistical comparison of ROI measurements was analysed using a one-way 
ANOVA between healthy controls and discharged ICU patients, with a post-
hoc analysis used to identify muscles groups most prone to atrophy. A repeated 
measures analysis was performed for patients who were able to attend both an 
initial and second scan. All comparative descriptive data was expressed as 
mean ± standard deviation. Individual elastograms for individual controls and 




4.4.1 Immobility Pathophysiology 
Normal distributions were observed for patient age and mass as shown through 
a non-significant Kolmogorov-Smirnov test (Age: p=0.200; Mass: p=0200). 
Muscle |G*| (M=1.40 kPa, 95% CI[1.19, 1.61]) and muscle CSA (Overall: 
M=104.97cm2, 95% CI[93.77, 116.17; Individual: M=8.76cm2, 95% CI[7.92, 
9.60]) were measured with age (M=47.74 years old, 95% CI[41.00, 54.48]) and 
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mass (M=83.95 kg, 95% CI[75.95, 91.96]) between groups of discharged ICU 






















Discharged ICU patients showed a significantly lower thigh muscle CSA in 
comparison to healthy controls (91.53 [±14.73] cm2 vs 117.07 [±23.33] cm2; 
22%; p=0.012; Figure 4.2). There was also a significant difference in the size 
of muscle groups between the participant groups (F[3,68]=6.10, p<0.001). A 
Tukey post-hoc test identified the quadriceps as the most atrophic muscle 
group between healthy controls and discharged patients (64.26 [13.63] cm2 vs 
46.46 [±7.86] cm2; -28%; p<0.001). A further Tukey post-hoc of the quadriceps 
identified the vastus lateralis (Controls: 21.70 [±5.43] cm2 vs 15.56 [±4.81] cm2; 
-29%; p<0.001) and vastus medialis (Controls: 18.09 cm2 vs 11.93 cm2; -34%; 
p=0.001) as the most atrophied individual muscles in ICU patients.  
Figure 4.1. Differential in muscle |G*| between the two groups, with CSA of discharged patients 


































Figure 4.2 Thigh CSA differences between healthy controls and discharged ICU 
patients. ‘***’ ≤ 0.001, ‘**’ ≤ 0.01, ’*’ ≤ 0.05 
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Similarly, |G*| was examined between groups to identify muscles prone to 
change in the mechanical properties of muscle following immobility (Figure 
4.3). Overall muscle |G*| observed as lower in discharged ICU patients in 
comparison to healthy controls (1.15 ±[±0.25] kPa vs 1.63 [±0.45] kPa; 
F[1,17]=7.92, p=0.012). The quadriceps muscle group showed significantly 
decreased |G*| in comparison to healthy controls (1.12 [±0.29] kPa vs 1.73 
[±0.54] kPa, p=0.039). The discharged patients (1.15 [±0.37] kPa) showed a -
26% lower average muscle |G*| than controls (1.56 [±0.56] kPa), with this 
being a significant difference in average muscle |G*| (F[1,226]=42.02, p<0.001). 
A Tukey post-hoc test identified the |G*| of vastus medialis as particularly 























Figure 4.3 Average muscle |G*| differences between healthy controls and discharged ICU 
patients. ‘***’ ≤ 0.001, ‘**’ ≤ 0.01, ’*’ ≤ 0.05 
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Following this, exploratory analysis revealed a difference in the relationship 
between the mechanical properties and morphology of the vastus medialis 
between groups. |G*| and CSA were strongly correlated in healthy controls 
(r[8]=0.76, p=0.011; Figure 4.4)  whereas this association was not observed in 



























Figure 4.4. Vastus Medialis relationship between CSA and |G*|, with a significant correlation in 
healthy controls (r=0.76; p=0.011) and a non-significant in ICU patients (r=-0.38; p=0.312). 
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4.4.2 Muscle Fat Fraction 
Quadriceps fat fractions were also obtained for discharged ICU patients and 
healthy controls. The quadriceps showed significantly greater percentage of fat 
infiltration for discharged patients in comparison to healthy controls (3.49% vs 
1.97%, Mean difference: 1.52%, 95% CI[0.60, 2.44]; p=0.004), with this also 
being the case for individual muscles including vastus intermedius (3.01% vs 
1.97%; Mean difference: 1.05, 95% CI[0.24, 1.85]; p=0.010), vastus lateralis 
(4.35% vs 2.10%; Mean difference: 2.25, 95% CI[0.61, 3.89]; p=0.010), and 
vastus medialis (3.41% vs 2.03%; Mean difference: 1.37, 95% CI[0.33, 2.41]; 
p=0.010). There was no significant difference between groups for rectus femoris 
fat fraction (p=0.110). 
 
4.4.3 Physical Functions at ICU Discharge 
Physical functionality was also quantified, with comparison of hand grip 
strength and shuttle walk distance between discharged ICU patients and 
healthy controls. The hand grip strength was significantly lower in discharged 
ICU patients in comparison to healthy controls (21.8kg vs 41.2kg, Mean 
difference -19.4kg, 95% CI[-23.9,14.8]; p<0.001), with this also being the case 
for the shuttle walk test (120m vs 842m, Mean difference: -721m 95% CI[-1070, 
-373]; p<0.001). Further, muscle fat fraction was negatively correlated with 
the shuttle walk distance (r=-0.61, 95% CI[-0.82, 0.27], p=0.002). 
 
4.4.4. ICU Recovery Case-Studies 
As previously highlighted, measuring the recovery from ICU can be difficult. 
This is exemplified with only 4 of the discharged patients being able to return 
for a second scanning session following convalescence. Of the returning 
patients, physical functionality, mass, age, muscle CSA, and |G*| will be 
described. 
 
Patient One was between the ages of 50-59 years of age and a BMI of 31.1 at 
the time of ICU discharge (Figure 4.5). A diagnosis of respiratory infection was 
recorded, with an APACHE II score of 16 and an FCI score of 3. FCI 
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comorbidities included depression, hearing impairment and obesity. As a result, 
Patient One was in ICU for 11 days. Alongside this, overall thigh muscle CSA 
was measured at 81.01cm2 (individual muscles 6.76 [±4.53] cm2), with average 
muscle |G*| measured at 1.03 [±0.13] kPa. Following 96 days of convalescence 
Patient One returned for a second scan where mass had decreased to 87kg. 
However, overall thigh muscle CSA had increased by 62% to 130.86cm2 
(Individual muscles: 10.88 [±8.08] cm2), and |G*| increased by 27% to 1.31 
[±0.27] kPa.  
 
 
Patient Two was in the age range of 40-49 and a BMI of 19.9 at the time of 
ICU discharge (Figure 4.6). An APACHE II diagnosis of sepsis was recorded, 
with an APACHE II score of 26, and an FCI score of 1. Patient Two showed 
a single comorbidity of asthma. Overall thigh CSA was 80.35cm2 (Individual 
Figure 4.5. Change in |G*| and CSA in Patient One between time of discharged and second 
scan following convalescence. 
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muscles 6.72 [±4.29]cm2), with an average muscle |G*| of 0.86 [±0.18] kPa. 
Patient Two required slightly longer in convalescence, with the second scanning 
session being 119 days after the first. On return mass had increased to 70kg, 
as well as a 21% increase in overall muscle CSA (97.51 cm2; Individual muscles 






















Patient Three was between the age range of 50-59 and a BMI of 21.8 at the 
time of the first scan (Figure 4.7). A diagnosis of cardiogenic shock was 
recorded, with an APACHE II score of 17 and no comorbidities. For Patient 
Three the whole thigh CSA was 80.06cm2 (Individual muscles: 6.69 [±4.42] 
cm2) with an average |G*| of 1.25 [±0.33] kPa. Following convalescence of 98 
days, mass had increased by 2.9kg to 80kg. In addition to this, whole thigh 
Figure 4.6. Change in |G*| and CSA in Patient Two between time of discharged and second 
scan following convalescence. 
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CSA had increased by 69% to 135.46cm2 (individual muscles 11.29[±8.28] cm2), 






















The final patient, Patient Four was aged between 50-59 and had a BMI of 35.7 
at time of discharge (Figure 4.8). A diagnosis of Asthma was recorded, with an 
APACHE II score of 17 and an FCI of 3. Additional comorbidities included 
Asthma, an anxiety disorder and obesity. Patient Four required the longest 
time for convalescence, totalling 125 days. At discharge of a weight of 100kg, 
Patient Four initially showed an overall thigh CSA of 107.18cm2 (Individual 
muscles: 8.94 [±5.54] cm2), and an average |G*| of 1.27 [±0.24] kPa. Following 
convalescence, weight had increased to 117kg, the greatest increase in mass 
also. Overall thigh muscle CSA increased by 29% to 138.67cm2 (Individual 
Figure 4.7. Change in |G*| and CSA in Patient Three between time of discharged and second 
scan following convalescence. 
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muscles: 11.56 [±7.00] cm2) and muscle |G*| increased by 96%, the greatest of 






















4.4.5 Recovery of Patients 
Scan data from the returning patients were then averaged (Figure 4.9). 
Between scans, average muscle CSA increased significantly (F[1,47]=30.73, 
p<0.001), with average muscle CSA being 7.27 [±4.67] cm2 and increasing by 
44% to 10.47 [±7.19] cm2. Overall thigh CSA in returning ICU patients (n=5) 
was greater than the group of patients at discharge (Return: 120.48 [±20.08] 
cm2 vs Discharge: 91.53 [±14.73]cm2; Figure 4.10). Likewise, |G*| also increased 
significantly (F[1,47]=46.41, p<0.001) by 50% from 1.10 [±0.28] kPa to 1.65 
[±0.67] kPa (Figure 4.11). Each muscle group increased significantly in |G*| 
Figure 4.8. Change in |G*| and CSA in Patient Four between time of discharged and second 
scan following convalescence. 
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including quadriceps (+40%; p<0.001), medials (+46%; p=0.012), hamstrings 
(+49%; p=0.002) and the adductors increasing the most (+76%; p=0.024). 
Whereas only the hamstrings (+32%; p=0.004), medials (+35%; p=0.003), and 
quadriceps (+41%; p=0.001) muscle groups increased significantly in CSA. In 
addition to this, physical function was examined at the time of scan one and 
scan two. There was a significant increase in hand grip strength in patients 
(Mean difference=11.5kg 95% CI[3.5, 19.5]; p=0.010) from scan one (M=20kg) 
to scan two (M=32kg). However, there was a non-significant change in ability 
of shuttle walk distance (Scan one: 147m vs Scan two: 123m; Mean difference: 





















Figure 4.9. Average change in |G*| and CSA in returning patients between time of discharged 























































Figure 4.11. Comparison of average muscle |G*| between groups 
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4.5 Discussion 
This study set out to investigate changes in the size and stiffness of thigh 
muscles of ICU patients at discharge and following recovery and compare this 
to healthy controls. This chapter showed support for the hypothesis of ICU 
patients showing a reduced size and stiffness in muscles, with the quadriceps 
being primarily affected by atrophy. The decrease in both size and stiffness of 
the quadriceps muscle in ICU patients suggest an anatomical basis for ICU-
AW, as muscles with a greater level of force production have a greater 
magnitude of CSA (Lieber et al., 1989; 2001; 2011). Further, functional 
impairment was still present for ICU patients and was correlated with the 
percentage of fat observed within the muscles. 
 
Following convalescence, the adductors had increased in |G*| more than other 
muscle groups, however there was no significant increase in CSA (as observed 
with other muscle groups). This is potentially a sign of contracture, as previous 
research showing ICU patients are prone to muscle contracture (Clavet et al., 
2008), however with the current data now including sagittal MRI images, this 
is a speculative inference of the results. Previous work investigating the effects 
of time within ICU show that prolonged ICU immobility can alter muscle 
morphology (Tabary et al., 1972; Seymour et al., 2009), function (Fischabach 
et al., 1969; Duchateau et al., 1987; Kortebein et al., 2007; Griffiths et al., 
2010), and subsequent use (Kortebein et al., 2008). Lieber et al. (1988) showed 
that immobilized muscles atrophy particularly when immobilized in a 
shortened position, with this also negatively impacting force generation. 
Shortened muscles increases in stiffness due to an increase in epimysial and 
perimysial connective tissue as a consequence of immobilization (Lieber et al., 
1988; Appell et al., 1986; Tabary et al., 1972; Witzmann et al., 1982), which 
has also been shown to decrease mobility (Gossman et al., 1986). As 
contracture leads to a greater amount of tissue in a smaller overall volume, 
tissue mobility is restructured, something which is supported by the lack of 
improved performance in the shuttle walk test in returning patients. These 
factors, as well as previously discussed neuro-muscular degeneration are likely 
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to have impaired patient physical ability, however further work is required to 
full support this current speculation.  
 
The vasti muscles within the quadriceps have very similar architecture, with 
the only discernible difference being the fibre type distribution, and whether 
they are bi-articular or mono-articular (Lieber et al., 1988, Wickiewicz et al., 
1983, Powell et al., 1984). Lieber et al. (1988) suggests that atrophy prone 
muscles are those that fit the criteria of: i) anti-gravity muscle, ii) mono-
articular, iii) large number of type I fibres. The individual muscles that 
atrophied most in this present study were vastus medialis and vastus lateralis, 
supporting previous animal research by Lieber et al. (1988) and human research 
by Edgerton et al. (1975). Vastus medialis has equal amounts of type I (slow 
contractile properties) and type II (fast contractile properties) muscle fibres 
(Armstrong et al., 1982; Snow et al., 1982; Aagaard et al., 2004), with vastus 
medialis being a vital anti-gravity muscle (Jolesz et al., 1981; Pette et al., 1985; 
Salmons et al., 1981). However, research has shown that exercise can negate 
the effects of immobility-based atrophy (Kawakami et al., 2001). However, 
recovery of muscles following immobilization can be impaired due to age 
(Zarzhevsky et al., 2001).  
 
This investigation is the first of its kind to utilise MRE to study the impact 
that ICU has on the musculoskeletal system in terms of physical, mechanical 
and functional attributes. Whilst there is only a limited number of patients, 
this research offers key clinical insight into the recovery of patients. The study 
was limited in the coverage to an axial slice and not of muscles from origin to 
insertion. This is largely a problem due to the length of the thigh in relation 
to available radio frequency coils, which would require multiple table positions. 
Newer hardware and software solutions could enable future MRE investigations 
to cover the entire muscle system of the thigh. Further, a confound impacting 
the results is the clinical rational for why individuals were in ICU. In the case 
of sepsis, a common comorbidity for ICU patients which can take a significant 
time for recovery (Hodgson et al., 2018), there may be varying lengths for 
recovery periods in comparison to respiratory difficulties, which may have also 
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been impacted by the age of the patients. It is also important to note that the 
patients which returned for a second scan had differing APACHE II diagnoses, 
highlighting the complexity of conducting recovery research within ICU. 
Finally, further research should also incorporate the measurement of MVC for 
patients, the range of motion (ROM), as well as more time points during the 
measurement of recovery. 
 
In conclusion, we have shown that the quadriceps are particularly prone to the 
atrophic effects of immobility, with the anatomical consequences of ICU 
subsequently impairing physical function. The use of MRE showed that at 
discharge muscle |G*| and size were lower than healthy individuals, and that 
after a period function had not recovered to healthy levels. These findings are 
the first time MRE has been implemented to study to impact and recovery 
from ICU and show that imaging muscle stiffness may offer greater 
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5.1 Chapter Five Overview 
So far Chapters Three and Four have provided pilot work to explore the passive 
mechanical change of muscle through age and disease. Contrary to exploring 
the lack of muscle use resulting in decreases muscle stiffness in the previous 
chapter, this chapter examines the changes in muscle stiffness when muscles 
are used to the extent of injury. This chapter investigates the changes in the 
mechanical properties of tissue as a result of injury, and whether there are 
resulting residual increases in muscle stiffness. Data from a previous study is 
re-analysed to elucidate why some individuals were more prone to injury than 
others. It is shown here that the method of pixel-wise mapping reveals a 
localised differential in muscle stiffness increase as a result of muscle damage 
between two injury groups. As a whole, this chapter shows that MRE can be 
used to visualise changes in muscle stiffness following muscle injury in order to 
identify regions of increased stiffness which may be used to explain injury 
severity. Chapter Five explores the question: i) Can localised residual muscle 
stiffness increases following injury offer insight into why some individuals more 
prone to injury than others? ii) Is there an observable relationship between 




The MRE study reported here is an extension of work previously published by 
Kennedy et al. (2017) in which MRE was used to measure changes in muscle 
stiffness produced by an experimental Exercise Induced Muscle Damage 
(EIMD) protocol. Participants completed a personally tailored protocol 
comprising repetitive eccentric extension of the lower leg against a restraining 
force produced by an isokinetic dynamometer (System 3, Biodex Medical 
Systems, New York, USA). The EIMD protocol was designed to produce EIMD 
in the quadriceps, with |G*| measurements analysed with a Region of Interest 
(ROI) analysis revealing a significant increase in stiffness. Furthermore, in 
approximately half of subjects, oedema was present in the quadriceps, which 
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was interpreted as resulting from a build-up of water in tissue (McMahon et 
al., 2010), due to production of free calcium (Ca2+), a consequence of muscle 
fibre strain (Lieber et al., 1993; Lieber et al, 1999).  
 
Due to having a biarticular connection across two joints (i.e. hip and thigh) 
the rectus femoris is particularly vulnerable to damage caused by forced flexion 
of the lower leg (Lieber et al., 1991; Allen et al., 2005) during eccentric knee 
extensions of the EIMD protocol. The cause of half of the participants incurring 
a more significant degree of injury is still to be addressed. It is important from 
a clinical perspective to explore biomechanics of quadriceps muscles as they 
have an integral role in movement, and are primarily affected by activity, or 
lack of, as shown by the next chapter. 
 
Barnhill et al., (2013) performed pixel-by-pixel statistical mapping of MRE 
elastograms before and after knee extension, a technique analogous to fMRI 
studies within the brain. This technique revealed a significant increase in 
stiffness of the quadriceps and identified muscles which were predominantly 
engaged. Using this technique, Barnhill et al. showed specific regions of 
increased muscles stiffness and was able to map these results on an elastogram 
of the thigh. This technique may be useful in the measurement of residual 
stiffness following injury in specific regions of muscles, compared to the changes 
observed by Barnhill et al. (2013). By identifying sights of residual increased 
stiffness may offer validation in the use of MRE to measure muscle damage. 
The objective of the new analysis reported here is to utilize pixel-wise statistical 
mapping to determine the significant changes in residual muscle stiffness 
(increased static muscle stiffness following injury) as a proxy to reveal the sites 
of muscle damage following the EIMD protocol. We hypothesise that those 
with increased injury (observed with oedema) will have had a greater loss of 
contraction strength (MVC) following the EIMD protocol. It is expected that 
the differential pattern of stiffness increases will inform on a potentially 




5.3.1 Methodological Overview 
Healthy active young adults were initially recruited  to participate in an 
EIMD task, elicited through repeated knee extensions against an 
overwhelming downward force. MVC was measured before and 
immediately after the protocol, with CSA and |G*| of muscles being 
measured before and three days after the protocol. Registering scan data 
to the same template allowed for pixel-wise analysis of |G*| changes 
between scan one and scan two, identifying regions of increased residual 
stiffness because of the task. The presence of oedema on a T2 MRI scan 
determined grouping of participants and resulting in comparison of 
localised |G*| differences between injury groups for elastograms. 
 
5.3.2 Participants 
Twenty healthy male subjects participated in the original study (Kennedy et 
al., 2017) following informed consent and ethical approval for the study. 
However, five participants were removed from the analysis, one participant due 
to incidental finding and four as they did not elicit EIMD as measured by 
reduction in MVC. As a result, there is considerable doubt as to whether they 
properly engaged in the protocol. Of the 15 remaining participants (M=24.79 
[±4.00] years), seven participants formed the no-oedema group. The eight 
participants which has unexpectedly showed presence of oedema (Figure 5.1) 








5.3.3 Exercise Induced Muscle Damage (EIMD) Protocol 
An Isokinetic Dynamometer (Biodex Medical Systems, USA) was used for the 
EIMD protocol and a full description of the experimental protocol is given in 
Kennedy et al (2017). Briefly, individual work targets were set based on the 
magnitude of the average of three maximal voluntary contractions (MVC) 
extrapolated to 120%. Participants were securely seated in the Dynamometer 
(hip angle 90°; Figure 5.2) and resistance started when the Dynamometer arm 
was at 20° below the horizontal (taken as 0°).  
 
The aim was to resist the downward force of the Dynamometer by performing 
knee extensions. To perform knee extensions, it is primarily the Quadriceps 
muscle group which need to be contracted. Gradually the Dynamometer arm 
overcame the resistance of the participant and moved downwards until it 
passed 90° (i.e. lower leg vertical) and reached an angle of 110°. This produced 
a particular forced lengthening of contracted muscles, which may be referred 
to as eccentric contraction. Once the force of the Dynamometer arm had flexed 
the leg to 110° the machine reset, with a 10 second rest. The completed EIMD 
protocol comprised 12 sets of repetitions, in which participants tried to reach 
their work target in the least number of repetitions possible per set. 
Figure 5.1. T2-weighted MRI scans obtained before (left) and 2 days after (right) the EIMD 
protocol in a participant who developed Oedema in the Rectus Femoris and Vastus Intermedius 
muscles of the Quadriceps. 
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Physiological measurements of workload (kJ), number of repetitions, and 
percentage change in MVC (Nm) were measured.  
 
5.3.4 Image Acquisition 
Subjects were scanned using a 3T Verio MRI system (Siemens Medical 
Systems, Erlangren, Germany) before and two days after the EIMD protocol. 
On each occasion T2-weighted images were obtained together with MRE 
images as described in Kennedy et al., (2017). Acquisition parameters included: 
TE 96msec, TR 4430msec, FOV 200mm x 200mm, voxel size 0.4 x 0.4 x 3mm3. 
For MRE images, an actuator cuff was placed anthropometrically (NHANES, 
1988) around the thigh (Papazoglou et al., 2006), one third of the distance 
from the patella tendon to the greater trochanter (Bensamoun et al., 2006). 
Images were obtained at each of eight phase offsets for vibration frequencies of 
25Hz, 37.5Hz, 50Hz and 62.5Hz using a modified Cartesian Echo Planar 
Imaging (EPI) sequence with additional motion encoding gradients (Klatt et 
al., 2010, Barnhill et al., 2013). Imaging parameters for five contiguous 2mm x 
2mm x 2mm3 isotropic slices with an FOV of 224mm x 224mm (Kennedy et 




5.3.5 Image Processing and Analysis 
Images were processed through ESP which resulted in the reduction of noise in 
the individual MRE images and combination of information from several 
actuation frequencies is used as a basis for presenting the resulting elastograms 
with an increased pixel spatial resolution of 0.5mm compared to the resolution 
of 2mm. Of the 15 participants where axial slices were obtained, additional 
sagittal images were obtained for only 11 participants for rectus femoris (4 no-
oedema, 7 oedema), due to the size of rectus femoris and the quality of the 
Figure 5.2. Participant experimental set up on Dynamometer. 
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image obtained. A ‘Moving Least Squares’ (Barnhill et al., 2013; Schaefer et 
al., 2006) algorithm was used to co-register each participant to a template 
image corresponding to a single participant in ImageJ (Rasband 1997). This 
registration was based on a total of 180 anatomically defined points manually 
plotted on the images for each participant. Scan data was then group and 
compared on a pixel level in order to identify regions of statistically difference 
|G*| differences between scans and injury groups. 
 
5.3.6 Statistical Analysis 
Firstly, an ROI analysis was performed in order to primarily reveal size and 
stiffness changes of the thighs through a 2-way ANOVA, followed by Tukey 
post-hoc testing the different muscle groups. Also, Pearson correlations and 
linear regressions were performed in order to obtain new insight into the 
anatomical and mechanical features of muscle. Following this, elastograms 
before and after injury were then created for individuals of each group, with 
the pixels within the elastograms being compared statistically. To control for 
false positives due to multiple comparisons, a ‘positive False Discovery Rate’ 
(pFDR) (Storey, 2003; Barnhill et al., 2013) algorithm was performed to 
identify pixels with statistically significant |G*| increases (q≤25, p≤0.05; Ullah 
et al., 2012). By performing this additional analysis of pixel-wise analysis, in 
addition to ROI analysis, may offer more precise changes in |G*| changes. 
Measurements of peak pixel intensity changes as well as average |G*| changes 
for a significantly highlighted region. Following this, images were compared 
between the two groups to reveal the impact that injury had on the mechanical 
properties of the thigh. Individual elastograms for participants in Chapter Five 








5.4.1 ROI Analysis of Muscle Morphology 
ROI measurements of muscle CSA were examined between groups, with a 
Levene’s test showing no variance between groups for CSA (F[3,26]=0.26, 
p=0.851). A one way ANOVA showed there was no difference between whole 
thigh CSA between injury groups at scan one (p=0.373) or scan two (p=0.297). 
When comparing average quadriceps CSA, there was no difference in muscle 
size at scan one between injury groups (No oedema: 12.27 [±5.08]cm2, Oedema: 
12.20 [±5.15]cm2; p=0.955), however at the time of the second scan, the 
average thigh of the oedema group was 15% larger than the no-oedema group 
(No oedema: 19.76 [±11.44]cm2, Oedema: 23.31 [±11.95]cm2; p=0.035), and a 
91% increase in the oedema group from the first scan. 
 
5.4.2 ROI Analysis of Muscle Mechanical Properties 
ROI measurements of |G*| were examined between groups, with a Levene’s 
test showing no variance between groups for |G*| (F[3,26]=0.68, p=0.570). |G*| 
for the no-oedema group showed an overall decrease between scan one (1.40 
[±0.24] kPa) and scan two (1.32 [±0.17] kPa). However, the oedema group 
showed an increase in |G*| between scans (1.38 [±0.28] kPa vs 1.41 [0.21] kPa]). 
A multi-variate ANOVA between individual muscle |G*|, time of scans and 
injury group revealed a significant difference in |G*| between the injury groups 
and scanning sessions (F[1,356]=5.92, p=0.016). A Tukey post-hoc test 
revealed that there was a significant difference in average muscle |G*| between 
groups at scan two (No-oedema: 1.32 [±0.17] kPa vs oedema: 1.41 [±0.21] kPa; 
p=0.040). 
 
5.4.3 MVC, Workload and Extension Repetitions 
The no-oedema group performed an average of 221 [±21] reps resulting in a 
workload of 4.52 [±1.25] kJ, with the oedema group having performed an 
average of 276 [±19] reps and a workload of 4.89 [±0.68] kJ. There was a 
tendency for change between the two injury groups for reps (F[1,28]=4.02, 
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p=0.055) and no difference for workload (F[1,28]=1.01, p=0.323). The no-
oedema group showed a reduction of 24% in MVC following the protocol (Pre: 
232 [±53] Nm vs Post 177 [±50]; p<0.001), whilst the oedema group showed a 
36% decline in MVC as a result of the protocol (Pre: 294 [±74] vs Post: 188 
[±72]; p<0.001). There was also no significant difference between injury groups 
for pre-EIMD MVC (F[1,13]=3.34, p=0.090) or post-EIMD MVC 
(F[1,13]=0.12, p=0.731).  
 
5.4.4 Relationship Between Anatomy and Function 
The relationship between MVC (M=224 Nm, 95% CI[195, 253]), CSA (Overall 
M=184.55cm2, 95% CI[175.66 193.44]; Individual muscle M=16.60cm2, 95% 
CI[14.17, 16.60]), and |G*| (M=1.40 kPa, 95% CI [1.35, 1.45]) was examined 
to investigate the relationship between function, size and stiffness before injury. 
There were moderate positive correlations with MVC for both CSA 
(r[13]=0.69; p=0.005) and |G*| (r[13]=0.52; p=0.047; Figure 5.3) of the 
quadriceps. The combination of both quadriceps CSA and |G*| were strong 
















Figure 5.3 Association between function (MVC) and both the muscle size and muscle stiffness. 
A positive correlation was observed between MVC and muscles CSA (r=0.69; p=0.005), as well 
as function and muscle |G*| (r=0.52; p=0.047). 
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5.4.5 Pixel-wise Comparisons of Residual Muscle |G*| 
Pixel-wise mapping was performed to identify muscle regions with significantly 
increased |G*|, for both the axial and sagittal scans. Firstly, within the axial 
scans, a significant area of effect (regions with significantly increased |G*| at 
the time of the second scan) of 0.82% for the whole thigh was identified in the 
no-oedema group. Within the significant pixels, |G*| was 21% greater at the 
second scan, with a peak pixel increase of +35% identified within the 
semimembranosus (Figure 5.4). Within the oedema group, a significant area of 
effect of 3% for the whole thigh was identified. On average there was a 25% 
increase in |G*| for the oedema group, with a peak pixel value of +58% 
identified within the rectus femoris. Visual inspection of the locations of 
significant pixels revealed a differential between injury groups. The no-oedema 
group showing increased |G*| notably within rectus femoris, Adductor magnus, 
and semimembranosus, whereas in the oedema groups increased |G*| was 
identified within rectus femoris, the vasti muscles, adductor magnus, bicep 

















Figure 5.4 Pixel-wise |G*| differences between group averages. Top row showing the no-oedema 
and the bottom row showing the oedema group. First column showing pre-EIMD, second column 
the post-EIMD, third column showing the T-Statistic, and finally pixels identified with a 
significant |G*| increase whilst also showing percentage change.  
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Following this, post-EIMD muscle |G*| was compared between groups, to 
identify regions of greater |G*| between the oedema group and no-oedema 
group. Through this comparison, the oedema group showed a 48% greater |G*| 
on average, localised to the quadriceps muscles, with a peak pixel |G*| increase 
of 82% identified within the rectus femoris. Of the muscles identified with 
greater |G*| in the oedema group, it was the rectus femoris and vastus medialis 















Secondly, regions of significantly increased |G*| were compared between groups 
for the sagittal slices (Figure 5.6), focussed on the rectus femoris. For the no-
oedema group an average |G*| increase of 43% was identified for 8% of the 
rectus femoris, with a peak pixel increase of 64%, located towards the proximal 
area of the muscle. However, the oedema groups showed an average |G*| 
increase of 50%, with a 93% peak pixel intensity located towards the distal 
part of the muscle. When comparing between injury groups, it appeared that 
the oedema group had significantly greater damage (average: 33%; peak pixel 




Figure 5.5 Pixel-wise |G*| differences for post-EIMD between group averages. First column 
showing no-oedema post-EIMD, second column showing oedema post-EIMD, third column 
showing the T-Statistic, and finally pixels identified with a significant |G*| increase whilst also 



































Figure 5.6 Sagittal pixel-wise |G*| differences between group averages. Top row showing the 
no-oedema and the bottom row showing the oedema group. First column showing pre-EIMD, 
second column the post-EIMD, third column showing the T-Statistic, and finally pixels identified 
with a significant |G*| increase whilst also showing percentage change.  
 
Figure 5.7. Sagittal pixel-wise |G*| differences for post-EIMD between group averages. First 
column showing no-oedema post-EIMD, second column showing oedema post-EIMD, third 
column showing the T-Statistic, and finally pixels identified with a significant |G*| increase 
whilst also showing percentage change. 
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5.5 Discussion 
The key interest of this current chapter was to examine whether injury during 
knee extension would result in differential in inter-muscle mechanical 
properties (i.e. residual increase in muscle stiffness between groups) which 
could then be used to identify muscle engagement strategies. The hypothesis 
of this study was that the presence of oedema following injury was dependent 
on muscle engagement strategy, which is supported by the results shown here. 
To some degree, the use of the newly developed pipeline in Chapter Two which 
was employed to re-analyse the work of Kennedy et al. (2017), has revealed 
some possible explanations for why some individuals were more prone to injury 
than others, something not previously explored. 
 
MRE was utilised in this study to show that the there is an anatomical and 
mechanical basis for muscle strength. Both the CSA and the |G*| of the 
quadriceps were strong predictors for the amount of force which was recorded 
for the knee extensor task. This supports previous anatomical work showing 
muscle function having a basis in muscle architecture (Wickiewicz et al., 1983; 
1984). This shows support for the use of MRE as a proxy for measuring the 
strength of an individual without the dependence of additional physiological 
measures. 
 
By incorporating pixelwise mapping to re-analyse the initial data it is able to 
visualise on elastograms particular areas of increased stiffness down to the pixel 
level, as opposed to generalising to a specific muscle through ROI analysis. 
Whilst a large magnitude of research will be aiming to identify key changes in 
specific muscles, this chapter has shown that it is also possible to identify 
regions within specific muscles which may show changes in muscle stiffness. A 
key finding was observed within the sagittal rectus femoris where there was a 
differential in the focus of |G*| change depending on the magnitude of injury, 
something not possible through conventional ROI. This methodology of pixel-
wise mapping may then be best suited to single muscle investigations. 
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 In addition to this, the oedema group showed a greater residual |G*| increase 
in the quadriceps following EIMD in comparison to the no-oedema group, 
suggesting a greater degree of quadricep engagement in the oedema group. 
Further, sagittal scans of rectus femoris showed increased |G*| of the recuts 
femoris towards the MTJ of the oedema group, a radiological sign of significant 
muscle strain (McMahon et al., 2001). Paschalis et al (2005) showed that rectus 
femoris was prone to damage during eccentric exercised when seated (90) in 
comparison to a prone position (180), due to being stretched to a greater 
extend due to flexion of the knee and hip during the seated position. 
 
It appears from the result of the current investigation that those within the 
oedema group encountered greater stiffness increases in producing a knee 
extension. The reason to why these individuals had greater difficulty in eliciting 
a knee extension is potentially evident through the differential of muscle 
engagement between the groups, observable between residual increases in |G*|, 
however future research is required to further support these suggestions. 
 
The muscle group intended to be most affected by the EIMD protocol was the 
quadriceps, which play a primary role in knee extension, this being the main 
task. The no-oedema group showed localised stiffness increase in 
semimembranosus, a muscle which is the most medial of the hamstrings, and 
typically is involved in both knee flexion and hip extension. Through co-
contraction with the quadriceps, semimembranosus can support knee extension 
and may stabilize the knee joint during knee extension in order to avoid muscle 
strain (Faulkner et al., 2003; Baratta et al., 1988; Garrett et al., 1990; 
Nakajima et al., 2003). Stanton et al (1989) suggested that a greater magnitude 
of muscle co-activation results in greater muscle force being produced. The co-
contraction of the hamstring muscle may be a factor in reducing the muscle 
damage observed in the no-oedema group. Hamstring muscle group recruitment 
during knee extension, has been shown to reduce the requirement for injury 
recovery (Aagaard et al., 2000). As a result, the increased stiffness of the 
hamstring muscle in the no-oedema group may have been as a result of co-
contraction. Contrary to the no-oedema group, the oedema group showed 
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increased stiffness in the gracilis, which is primarily involved in thigh adduction 
and in hip flexion (Landin et al., 2016). Thus, it would appear that participants 
showed a differential in the localisation of muscle stiffness increases and this 
may suggest that participants performed the protocol quite differently in terms 
of the muscles that were recruited.  
 
The no-oedema group showed increased stiffness for the quadriceps and 
Semimembranosus would have produced posterior – anterior knee extension, 
as expected. However, the oedema group showed increased stiffness in the 
quadriceps and gracilis, which may have resulted in a medial deviation in the 
posterior – anterior knee extension (Li et al., 1999), and this movement away 
from the axis of muscle force generation (Lieber et al., 2001) resulting in greater 
strain to the muscles. 
 
Musculoskeletal investigations of animals (Lieber et al., 2001, 2011) and 
humans (Maughan et al., 1983; Jones et al., 1987; Scott et al., 1993; Abe et al., 
2000; Aagaard et al., 2001; Kermarrec et al., 2010) suggest a potential rationale 
for the importance in the differential in location for residual stiffness increases, 
a proxy for locating damaged muscle following engagement. Muscle fibre length 
and fibre orientation (pennation) (Burkholder et al., 1994; Lieber et al., 2011) 
are architectural factors that determine muscle function. Angled muscle fibre 
pennation can allow for a greater number of fibres to be stacked in order to 
produce greater force, as seen in the quadriceps (Aagaard et al., 2001). 
Semimembranosus is characterised by short and angled fibres, paired with a 
moderate cross-sectional area, whereas gracilis has long non-angled muscle 
fibres and the smallest cross-sectional area of any muscle in the thigh. In 
addition to this, muscle fibres which are in line with the force generation axis 
would have been able to produce more force (Lieber et al., 2001). Both the 
gracilis and semimembranosus have unipennate muscle fibres, yet as the gracilis 
is further from the force generation axis the production of muscle force may 
have been hindered. The greater the angle of muscle fibre to the axis of force 
generation results in only a portion of the muscle force being transmitted 
(Lieber et al., 2011). 
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The engagement of either semimembranosus (no-oedema group) or gracilis 
(oedema group) may have contributed different levels of force during the 
protocol according to the muscle architecture. Apparent use of 
semimembranosus by the no-oedema group may have meant that a greater 
force was produced whilst also keeping the quadriceps in line with the axis of 
muscle force generation, resulting in less strain and subsequent damage – 
further work is required to support this speculative description. On the other 
hand, the co-contraction of the gracilis by the oedema group may have resulted 
in a reduced level of muscle force, compared to semimembranosus, which may 
in turn have resulted in greater dependency on the quadriceps to produce the 
force. As a result, the technique of mapping muscle damage through pixels has 
shown a promising method in localising key area of muscle damage. Further 
testing of this technique may offer future applications to rehabilitation. 
However, whilst the use of MRE has been shown to be academically insightful, 
the clinical cost of performing MRE over conventional methodologies may be 
a limited factor in applying this technique to be applied in physiotherapy based 
research. 
 
A significant limitation of this study is that researchers were not able to fully 
control the amount of activity that each individual performed during the EIMD 
protocol, even though this was controlled for to the best of ability. Secondly, 
the use of pixel-wise mapping is prone to effects of image manipulation, where 
conventional ROI measurements are potentially more robust. However, for 
data visualisation alone, the use of pixel-wise mapping has shown a key 
physiological insight can be obtained in tandem with MRE elastograms. The 
ability to map specific areas of muscles which are injured, or prone to injury is 
possible through the use of MRE, where physical appearance may not appear 
abnormal, and may be a useful methodological tool in future muscle 
engagement research. 
 
In conclusion, MRE has shown that severe injury in the form of oedema 
following EIMD, was not due to the amount of work performed by the 
participants in completing the EIMD protocol, but rather points towards a 
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differential in the engagement of muscles to perform the task. Thus, the 
analysis reported here is likely to be helpful in guiding experiments with respect 
to developing new protocols using the EIMD protocol and which may include 
new instructions and potentially also video monitoring. The study also 
demonstrates the important role that MRE is likely to find in studies of muscle 
in human movement paradigms. One possible limitation of the study is that 
the analysis refers to a single axial slice through the thigh and in future work 
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6.1 Chapter Six Overview 
Results of the previous EIMD chapter suggested muscle stiffness increases as a 
result of engagement, resulting in the identification of muscle damage. Chapter 
Six plans to expand on these results and the findings currently in the literature, 
to explore the morphological adaptions associated with increased muscle 
stiffness. By incrementally increasing load during an isometric contraction knee 
extension and knee flexion task, it will result in morphometric (i.e. size and 
shape) and mechanical measurement of muscle tissue. This work will be the 
first of its kind to explore the axial deformation of muscles during engagement, 
in order to identify a novel biomarker for muscle engagement. The question 
which Chapter Six addresses is: Are there morphological adaptions observable 




The method of MRE has been used to show increased muscle stiffness following 
muscle damage (Kennedy et al., 2017), knee extension (Barnhill et al., 2013) 
and muscle myopathies (Basford et al., 2002). Furthermore, MRE allows 
muscle tension to be computed and can provide insight regarding physiological 
changes under muscle loading (Basford et al., 2002; Bensamoun et al., 2006; 
Ringleb et al., 2006). Muscle loading can offer biomechanical insight of muscle 
tissue as it can be readily manipulated (Dresner et al., 2001). Within the thigh 
there are muscles which extend across two active joints (bi-articular) and 
others over a single joint (mono-articular). Bi-articular muscles allow for 
increased range of movement (van Ingen Shenau et al., 1987), however are 
prone to injury particularly during eccentric contractions (Prior et al., 2001). 
Jacobs et al. (1996) showed that bi-articular muscles are primarily engaged in 
order to produce a significant magnitude of muscle force, with additional 
research showing mono-articular muscles greatly contribute to movement 
stability (Doorenbosch et al., 1994; Osu et al., 1999).  Van Ingen Schenau 
(1995) highlighted that the relationship between bi-articular and mono-
articular muscles remains relatively unclear in the literature, however 
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concluded that fundamentally the two muscle types have different roles in 
extension tasks. 
 
Muscle stiffness and morphological changes from muscle loading could have 
important clinical applications in predicting peak muscle performance and 
enhance understanding of muscle co-contraction engagement. Measuring 
muscle morphology and mechanical properties at different levels of loading 
allows for a greater appreciation of muscle physiology. By applying different 
loads, it becomes feasible to evaluate the muscles adaptation to increasing 
muscle tension and can be used to evaluate changes in muscle mechanical 
properties in relation to the task (Häkkinen et al., 1998). 
 
Previous MRE work has shown that during contraction of the quadriceps there 
is a relative increase in muscle stiffness (Barnhill et al., 2013). It is known that 
with increased tension on a structure there is a change in the morphology 
(Filon, 1902). Recent work (Tan et al., 2018) investigated the deformation of 
the triceps surae during plantarflexion, in order to evaluate the efficacy of using 
MRE to measure physiology of muscle strain and mobility. By measuring the 
morphological deformation of muscle, it may offer additional insight into the 
shape changes the muscle undergoes in performing a task in addition to the 
mechanical and size changes. By varying the degree of muscle strain during an 
MRE scanning session, it was found that the degree of tissue deformation 
determined the muscle mechanical properties and supported previous work 
with an inverse relationship between muscle length and elastic properties 
(Fung, 1993; Nordez et al., 2008). 
 
The aim of this exploratory study is to examine the relationship between 
muscle stiffness and morphology. Based on the results shown by Filon (1902), 
Barnhill et al. (2013), and Tan et al. (2018), it is hypothesised that if increasing 
load is applied to a muscle, there will be a correlated relationship to muscle 
stiffness increases (a proxy for muscle engagement), there will be an observable 
axial deformation in the form of increased in circularity and decreased CSA. It 
is also expected that the rectus femoris will have a greater magnitude of 
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morphological adaption to muscle stiffness in comparison to the vasti muscles, 




6.3.1 Method Overview 
Participants took part in a sustained knee extension and knee flexion 
task to obtain a pool of data. By utilising an incremental increase in 
muscle load during isometric contractions, it allows for the relationship 
between muscle stiffness and morphology to be investigated. Participants 
were scanned in an MRI scanner, where MRE was performed, resulting 
in the quantification of muscle mechanical properties (|G*|) and 




Four healthy adults (33.00 [±9.06] years) participated in this preliminary study 
(Research Ethics Committee number: 15/SS/0058), with limited time and fund 
for participant recruitment. The experimental design was explained to 
participants and consent to take part in the study was obtained, after 
answering any questions from the participants.  
 
6.3.3 Protocol Design 
A custom designed muscle loading apparatus allowed for loading of the 
Quadriceps and Hamstrings. Participants were asked to perform knee 
extensions and knee flexions while loads were applied at increasing intervals of 
2kg, 4kg and 8kg (Figure 6.1). During knee extension (Figure 6.2), knees were 
initially flexed at 50°, and then during knee extension partially extended to 20° 
(with 0° being a full knee extension). For knee flexion (Figure 6.3), participants 
began with a knee angle of 20° and flexed their knee to 50°. Between muscle 
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contractions, participants would rest for 1 minute. The loading equipment 
limited lower leg movement between these two angles, which ensured 
participants performed isometric contractions and enabled sustained loading 
during image acquisition.  
 
6.3.4 Image Acquisition, Processing, and Image Analysis  
Images were acquired through the previously mentioned imaging protocol in 
section 2.3.1, with a minor amendment to the number of frequencies. Multi-
frequency MRE (Papazoglou et al., 2006) was performed at three vibration 
frequencies (25, 37.5 and 50Hz) at eight phase offsets, through a modified 
Cartesian Echo Planar Imaging (EPI) sequence with additional motion 
encoding gradients (Klatt et al., 2010; Barnhill et al., 2013; Kennedy et al., 
2017). Imaging parameters for a 80 second scan duration consisted of TR = 
1600ms, TE = 54ms, FOV = 230mm x 230mm, for five contiguous 2.5mm x 
2.5mm x 2.5mm3 isometric slices, which resulted in an image matrix of 93 x 
93. Use of ESP reduced noise in the individual MRE images and the 
combination of information from several actuation frequencies is used as a basis 
for presenting the resulting elastograms, with an image matrix of 368 x 368 
pixels. Data was pooled from segmented thigh muscle elastograms for each 
loading condition (0kg, 2kg, 4kg, and 8kg) and flexion state (Control, knee 
extension, knee flexion), resulting in 336 physiological observations. Region of 
Interest (ROI) measurements were obtained for muscle stiffness (|G*|), muscle 
size (Cross Sectional Area [CSA]) and muscle circularity (4π[CSA/Perimeter2]). 
 
6.3.5 Statistical Analysis  
Firstly, a post-hoc power analysis was performed through G*Power. Secondly, 
changes in ROI measures of |G*| were statistically analysed through a repeated 
measures ANOVA. Statistical comparison of ROI measurements was analysed 
using R-Studio (RStudio, 2015), with p=0.05 defined as statistically significant. 
Lastly, Pearson correlations and linear regressions were performed between 
mechanical and anatomical features of muscles during loading. Individual 







































Figure 6.1. Loading equipment set-up  
 





6.4.1 Muscle Stiffness with Load 
Due to the modest number of participants, statistical power was calculated 
(d=0.999), with the reported power above the required d=0.8 (Cohen, 1992). 
At baseline, quadricep muscle group |G*| was 1.91 kPa (95% CI [1.70, 2.10]) 
with this increasing following additional sustained load (Figure 6.4). When a 
2kg load was added to the sustained knee extension task (Figure 6.2) quadricep 
|G*| increased to 2.56 kPa (95% CI [2.21, 2.90]), to 2.62 kPa (95% CI [2.30, 
2.94]) at 4kg of loading, and finally to 2.97 kPa (95% CI [2.66, 3.23]) at 8kg of 
loading. Further analysis of the quadriceps group showed that Quadriceps |G*| 
increased significantly with load (F[3,60]=10.12, p<0.001), with a non-
significant change in the hamstrings |G*| during the sustained knee extension 
task  (F[3,45]=.253, p=0.859). However, during sustained knee flexion, 
hamstring |G*| increased with load (F[3,45]=5.24, p=0.004; Figure 6.5). 
Within the quadriceps muscle group the rectus femoris was identified as the 
muscle with the highest |G*| value (Figure 6.6) at the 8kg load (3.35 [±0.77] 
kPa), with a 57% increase from baseline, and incremental increases at the 2kg 
(+43%; 3.07 [±0.85] kPa) and 4kg loads (+50%; 3.22 [±0.73] kPa). The vastus 
medialis and vastus intermedius were identified as showing the greatest relative 
change during loading with a 61% (1.94 [±0.40] kPa to 3.11 [±0.72] kPa) and 
60% (1.76 [±0.57] to 2.81 [±0.15] kPa) respective increases in |G*| from 
baseline to 8kg load. However, unlike the rectus femoris there was minimal 
Figure 6.4. Increased muscle |G*| observed within the quadriceps during increased load of 
isometric knee extension. 
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change in |G*| at the 2kg and 4kg load points for both the vastus medialis 
(2kg: 2.77 [±0.60] kPa, +43%; 4kg: 2.78[±0.45] kPa, +43%) and vastus 
intermedius 2kg: 2.27 [±0.33] kPa, +29% 4kg: 2.23 [±0.29] kPa, +26%). Lastly, 
the vastus lateralis showed the least incremental change in |G*| from baseline 
(1.76 [±0.15] kPa) to either 2kg (2.13 [±0.36] kPa, +21%), 4kg (2.25 [±0.30] 


























Figure 6.5. |G*| changes in quadriceps and hamstrings muscle groups during loaded knee  

























6.4.2 Muscle Mechanical Properties Predicted by Morphology 
The overall relationships between |G*| (M=1.95 kPa, 95% CI [1.89, 2.02]), CSA 
(M=12.27, 95% CI [11.33, 13.21]) and muscle circularity (M=60%, 95% CI 
[58%, 61%]) were examined incorporating all flexion and loading conditions. 
Significant correlations were observed between average muscle |G*| and CSA 
(r[334]=0.14, p=0.010), |G*| and circularity (r[334]=0.26, p<0.001), as well as 
CSA and circularity (r[334]=-0.21, p<0.001). Using a multiple linear regression, 
Figure 6.6. Average |G*| changes in quadriceps muscle during sustained knee extension, 
revealing the recuts femoris as primarily engaged at each load, with minimal recruitment of 
vastus intermedius and vastus lateralis at 2kg and 4kg load. 
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it was revealed that average muscle morphology (i.e. CSA and circularity) was 
a significant predictor for average |G*| (R2=0.10, F[3,332]=13.57, p<0.001). 
Additionally, both muscle |G*| and muscle CSA were shown to be significant 
predictors for circularity (R2=0.12, F[3,332]=16.53, p<0.001).  
 
6.4.3 Biarticular and Monoarticular Muscle Morphology 
Additionally, this relationship was examined between the bi-articular (n=6) 
and mono-articular (n=6) muscles in the thigh, with pooled data from loaded 
knee extensions. For bi-articular muscles, there was a significant association 
between |G*| and CSA (r[94]=0.44, p<0.001), |G*| and circularity (r[94]=0.45, 
p<0.001), and also CSA and circularity (r[94]=0.49, p<0.001). As a result, 
biarticular muscle morphology was a significant predictor for biarticular muscle 
|G*| (R2=0.26, F[3,92]=12.16, p<0.001). Mono-articular muscles did not show 
the same relationships as observed in the bi-articular muscles. There was a 
non-significant association between |G*| and CSA (r[94]=-0.11, p=0.300) or 
CSA and circularity (r[94]=0.22, p=0.035), yet there was a significant 
association between |G*| and circularity (r[94]=0.45, p<0.001). Examining the 
relationship between the three factors, morphology was not a significant 
predictor for mono-articular muscles (R2=0.04, F[3,92]=2.28, p=0.084).  
 
6.4.4 Quadriceps Mechanical Properties and Morphology 
The relationship between quadriceps muscle |G*| in relationship to morphology 
were next examined with data obtained during knee extension (Figure 6.7). A 
repeated measures ANOVA was used to analyse |G*| increase in the quadriceps 
during loaded knee extensions, showing a significant increase in muscle |G*| 
with load (F[3,45]=26.60, p<0.001). Following this, the association between 
|G*| and morphology was examined for the quadriceps muscles (Figure 6.8). 
Axial muscle circularity increased significantly with load during knee extension, 
becoming 8% more circular from baseline to 8kg knee extension (48[±16]% vs 
56[±20]%; p=0.001), however circularity of the quadriceps did not change 
significantly during knee flexion (p=0.534). Overall there was a significant 
positive correlation between |G*| and average muscle circularity (r[62]=0.47, 
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p<0.001), with negative correlations between CSA and |G*| (r[62]=-0.25, 
p=0.047), as well as CSA and muscle circularity (r[62]=-0.59, p<0.001). A 
comparison of between the rectus femoris and the vasti muscles was performed 
in relation to their mechanical properties and morphology during knee 
extension. There was a strong correlation for rectus femoris between |G*| and 
circularity (r[14]=0.65, p=0.006; Figure 6.9), yet no observable association for 
the vasti muscles (r[46]=0.21, p=0.147). As a result, the morphology of rectus 





































































































































































































The aim of this exploratory investigation was to examine the relationship 
between muscle morphology and mechanical properties. This study showed 
that muscle stiffness increased during loading of the isometric contractions. 
Secondly, a greater morphological change was observed within the bi-articular 
rectus femoris in relation to increasing muscle stiffness, when comparing to the 
mono-articular vasti muscles. As expected, the quadriceps showed increased 
|G*| during incrementally increasing load during the isometric knee extension, 
which supports previous MRE research (Dresner et al., 2001; Barnhill et al., 
2013). The results of this investigation suggest that size and shape of muscles 
are associated with |G*| measurements. This new finding within MRE may aid 
future analysis of muscle engagement investigations, as the quantification of 
both the morphological and mechanical properties have been shown here 
change depending on the extent of load, or muscle tension elicited from a 
sustained movement.  
 
By demonstrating the relationship between muscle stiffness and morphology 
changes with increasing load, particularly in the prime mover rectus femoris, 
it would appear that the quantification of this relationship could be a useful 
methodology in measuring in-vivo muscle tension. The relationship between 
muscle loading and morphology was most pronounced in rectus femoris. The 
likely reason that the rectus femoris was most prone to morphological change 
during increased loading, was due to both a lack of attachments to the femur 
and the considerable length which this muscle stretches. Bi-articular muscles 
are primarily engaged to perform a movement (Jacobs et al., 1996), possibly 
due to bi-articular and mono-articular muscles fatiguing at different rates 
(Ebenbichler et al., 1998). As rectus femoris is the only bi-articular muscle of 
the quadriceps, this is likely the reason why the greatest increase in stiffness 
(a biomarker for muscle engagement) is observed in this quadriceps muscle, 
due to more engagement and possible fatigue. The vasti muscles all have 
connections to the femur, so the extent that these muscles can adapt their 
morphology to greater loading is limited. However, the rectus femoris does not 
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have any connections to the femur, showing the greatest magnitude of 
morphometric change to loading. As circularity of the muscle increases, the 
CSA decreases, with increases in |G*|, as suggested in materials by Filon 
(1902), showing a close relationship between morphology and mechanical 
properties of muscles.  
 
Both bi-articular and mono-articular muscles are required to ensure stable 
movement (Osu et al., 1999). It should be noted that in this present study, 
during knee extension, bi-articular muscles showed a greater correlation 
between morphology and muscle stiffness, where-as during knee flexion, mono-
articular muscles showed a greater correlation between these physiological 
measures. The Quadriceps muscle group is the primary muscle group 
responsible for production of muscle force, and as a result stability is ensure 
due to a ratio of 3:1 for mono-articular to bi-articular muscles. On the other 
hand, the Hamstring muscle group is primarily involved with knee excursion 
and so has a lower ratio of mono-articular to bi-articular muscles (1:3), due to 
a lack of required stability from explosive muscle force production.  
 
Whilst there are limited participants within this study (n=4), there is adequate 
statistical power, and also adequate statistical comparison due to the loading 
methodology. However, recent research found large variety in the 
morphological changes in muscles during engagement (Tan et al., 2018), 
something also found in this study, most likely due to inter-participant 
anatomical biomechanics, strength, and flexibility. This in an important factor 
to bear in mind especially when investigating fundamentally dynamic tissue, 
as activity and fitness levels vary between individuals. Future considerations 
to avoid an issue such as this could be from acquiring a cohort of participants 
from a specific sport, as regular training of specific tasks may overcome 
individual differences, such as fatigue (Hunter et al., 2004).  
 
This study is the first of its kind incorporating axial deformation in ROI 
measurements of MRE elastograms to measure shape changes in muscle. This 
investigation also introduces the importance of incorporating the shape of 
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muscle, as opposed to just the size. As observed here, the quantification of 
axial circularity resulted in an observed differential between the mono-articular 
and bi-articular quadriceps muscles. By using objective load measurements, it 
allowed for an effect specific to an amount of loading to be measured, contrary 
to previous muscle loading tasks which incorporate a percentage of maximum 
voluntary contraction (MVC). Measurements of MVC output are useful as this 
may account for differences in individual strength, however it is difficult for 
individuals to specifically use an arbitrary percentile of their maximum muscle 
force. By asking participants to lift a specific load allows participants to lift 
without psychologically limiting themselves to certain methodological 
constraints on MVC. Further testing should be carried out with the 
methodology employed in this chapter to investigate whether specific loads or 
MVC dependent output are best for studying the biomechanics of muscle 
loading.  
 
In summary, this study has shown that through engagement of muscles, the 
stiffness of muscle tissue increases. In addition to these tissue stiffness increases 
there was also an observed morphological deformation in both the size and 
shape of the muscles. The antagonistic relationship of bi-articular/mono-
articular muscle and quadriceps/hamstrings muscle groups highlights the 
architectural complexity of the musculoskeletal system, ensuring reliable 
locomotion. The use of muscle loaded MRE here has resulted in the 
identification of the relationship between muscle mechanical properties and 
morphology. As the load placed on a muscle increased, as did the muscle 
stiffness and axial morphological deformation (both in CSA and circularity), 
most notably in the prime mover rectus femoris. This methodology may have 
potential applications in future musculoskeletal investigations by measuring 
the amount of muscle tension (through changes in |G*|, CSA, and circularity) 
































































7.1 Chapter Seven Overview 
In the previous chapter it was shown that with increasing load there was an 
associated increase in muscle stiffness, as well as a morphological change 
particularly in the rectus femoris during knee extension. This chapter takes 
these results further in order to measure the impact that total knee replacement 
(TKR) has on muscle biomechanics. By employing the use of MRE to measure 
the change in muscle stiffness in this pilot study it is showed that as a result 
of TKR there is a decrease in the amount of muscle tension elicited from a 
knee extension, in comparison to muscle stiffness measure pre-TKR. The use 
of MRE within this setting shows that the quantification of mechanical 
properties of the muscle can be used to show a change in muscle tension 
brought on by a movement, and more importantly the change in muscle tension 
as a result of a clinical intervention. Chapter Seven explores the question: Do 
the mechanical and morphological changes in muscles performing a task, before 




The knee is the most common site for Osteoarthritis (OA), hence many patients 
require Total Knee Replacement (TKR) surgery each year (Felson et al., 2000). 
The role of TKR is to alleviate the impaired biomechanics of the deformed 
knee joint (Felson et al., 2004, 2013; Hinman et al., 2010), such as those 
brought on by OA, which can result in painful limited range of movement 
(ROM).  In addition to the knee joint itself, the patella is also of interest as 
this bone increases the leaver arm of the knee joint, aiding in the efficiency of 
knee extension. Forces on the knee extensor muscles have been shown to be 
reduced by 30% following TKR (Shenoy et al., 2013), whilst also increasing 
movement stability, due to re-alignment of the knee joint and balancing of soft 
tissue forces. Successful TKR is largely driven by meticulous technique, and 
the Maquet’s line (Maquet, 1972) which is a primary cut in the preparation of 
the femoral condyle block to gain accurate coronal alignment. Accurate coronal 
alignment has been shown to limit the amount of joint loosening following TKR 
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(Jeffery et al., 1991). Additionally, patient engagement with a rehabilitation 
program is vital in ensuring short term recovery (Artz et al., 2015), with Mizner 
et al. (2005) showing that Quadriceps strength recovery was highly correlated 
with improved functionality. Unfortunately, home rehabilitation plans have 
been shown to have a low adherence rate (Mclean et al., 2010). 
 
In Chapter Six it was shown that MRE was sensitive enough to show a 
difference in the mechanical properties in muscle during increasing load of knee 
extension. This chapter takes this finding and further investigates this in order 
to measure the biomechanics of muscles before and after TKR.  The aim of 
this study is to investigate whether MRE is sensitive enough to show a 
difference in stiffness increases during sustained knee extension following a 
clinical intervention. It is expected that the surgical intervention and home 
physiotherapy will result in a reduction of quadricep muscle tension during 
engagement for the task. As a result, the hypothesis for this study is that the 
changes elicited by performing a sustained knee extension (in both muscle |G*| 
and axial circularity) will be reduced following TKR surgery and physiotherapy 




7.3.1 Methodological Overview 
Patients were scanned during two scanning sessions, one before surgical 
intervention, and one following TKR surgery. During each scanning 
session, images were acquired of patients at rest and during knee 
extension. CSA, |G*|, and axial circularity were measured, as well as 







Five patients (65.80 [±10.38] years old) were recruited (with informed consent) 
from an ongoing orthopaedic study whilst waiting for TKR surgery (Research 
Ethics Committee number: 15/SS/0058). Patients attended a Magnetic 
Resonance Elastography (MRE) scanning session pre-operatively and then 
again following 19.74 (±7.31) weeks, in which time they underwent TKR 
surgery (with the same surgical consult) and at least 6 weeks of home 
physiotherapy (Appendix I). 
 
7.3.3 Functional Muscle Data Acquisition 
Functional measurements of muscles force were obtained through a custom-
built dynamometer, with the hip and knee flexed at 20°. Isometric knee 
activation was measured with Spike2 software, using a load cell which measures 
the force output of the knee with probes placed across the quadriceps during 
extension. Whilst in the fixed position patients were asked to extend their knee 
rapidly and forcefully as so an MVC could be obtained.  
 
7.3.4 Image Acquisition, Processing, and Image Analysis 
Axial images of the thigh were obtained at rest, where the thigh was initially 
flexed at 50° whilst rested on a foam pad, and then scanned again after 
extension of the knee to 25° (80sec), with ROM being 25°. MRE was performed 
with a Resoundant system (Resoundant, Mayo Clinic, Rochester, MN, USA). 
A non-inflated tourniquet cuff with silicone tubing was placed 
anthropometrically (NHANES, 1988) around the thigh (Papazoglou et al., 
2006), one third of the distance from the patella tendon to the greater 
trochanter (Bensamoun et al., 2006). All imaging was performed using a 3T 
Verio MRI system (Siemens Medical Systems, Erlangen, Germany). Multi-
frequency MRE (Papazoglou et al., 2006) was performed at three vibration 
frequencies (25, 37.5 and 50Hz) at eight phase offsets, through a modified 
Cartesian Echo Planar Imaging (EPI) sequence with additional motion 
encoding gradients (Klatt et al., 2010, Barnhill et al., 2013, Kennedy et al., 
2017). Imaging parameters for an 80 second scan duration consisted of TR = 
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1600ms, TE = 54ms, FOV =230mm x 230mm, for five contiguous 2.5mm x 
2.5mm x 2.5mm isometric slices, which resulted in an image matrix of 93 x 93. 
MRE images were processed with ESP to reduce noise and increase pixel spatial 
resolution of 0.39mm2, resulting in an image matrix of 368 x 368.  
 
7.3.5 Statistical Analysis 
Firstly, a post-hoc power analysis was performed through G*Power. To best 
examine change in mechanical and morphological properties of patients’ 
muscles, mean data was expressed through mean [±SD],to analyse data a 
repeated measures ANOVA approach was employed. Individual elastograms of 




7.4.1 Functional Changes in Muscle Following Surgery 
MVC measurements were obtained from patients before and after TKR 
surgery. Mean Pre-TKR MVC was 233Nm (95% CI[89.54, 377.28]) whilst Mean 
Post-TKR MVC was 17% lower at 194Nm (95% CI[60.21,327]). A pairwise t-
test showed this was a significant decrease (t[4]=4.10, p=0.015). 
 
7.4.2 Pre-TKR Muscle Physiology 
Due to the limited number of participants, statistical power calculations were 
conducted, showing a significant amount of power (d=.988). At rest the 
average thigh CSA pre-TKR was 113.11 cm2 (95% CI[64.00, 162.21) and 
average thigh muscle |G*| was 1.74 kPa (95% CI[1.28,2.20]). During knee 
extension the average thigh CSA was 109.63cm2 (95% CI[61.55, 157.71]) and 
average |G*| was 2.15 kPa (95% CI[1.80,2.51]). A repeated measure ANOVA 
revealed that there was a non-significant increase in |G*| for the thigh as a 
whole during knee extension (p=0.166). However, there was a localised |G*| 
increase of +56% observed in the agonist quadriceps muscle group 
(F[1,34]=82.18, p<0.001) from rest to knee extension (1.51 [±0.42] kPa vs 2.36 
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[±0.33] kPa).  Each of the Quadriceps muscles showed a significant increase in 
|G*| from rest to knee extension (Figure 7.1), with the greatest increase of 69% 
observed in the rectus femoris (p=0.012), then 61% in vastus intermedius 
(p<0.001), as well as 48% in the vastus lateralis (p=0.008) and medialis 
(p=0.025) equally. In addition to the quadriceps muscles, the antagonist 
hamstrings muscle was also shown to be engaged during knee extension (Rest: 





















7.4.3 Post TKR Muscle Physiology 
At rest, the average thigh CSA post-TKR was 91.29 cm2 (95% CI[47.42, 135.15) 
and average thigh muscle |G*| was 2.51 kPa (95% CI[1.65, 3.36]), whereas 
during knee extension average thigh CSA was 93.24cm2 (95% CI[40.96, 145.52]) 
and average |G*| was 2.59 kPa (95% CI[2.02, 3.15]). Following TKR a decrease 
Figure 7.1. Pre-TKR (Left) and Post-TKR (Right) changes in quadricep muscle |G*| during 
knee extension. ‘***’ ≤ 0.001, ‘**’ ≤ 0.01,’*’ ≤ 0.05. 
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of 15% CSA was observed in all muscles at the time of second scan (9.49 [±6.98] 
cm2), compared to the first scanning session (8.03 [±6.40] cm2).  
 
In addition to this, |G*| at rest had significantly increased for all muscles at 
the time of the second scan (Pre-TKR: 1.69 [±0.56] kPa vs Post-TKR: 2.42 
[±1.01] kPa; t[59]=5.00, p<0.001). Knee extension post-TKR only elicited a 
significant |G*| increase in Quadriceps (p=0.005), individual quadriceps 
muscles, such as rectus femoris, did not increase (+19%; p=0.217). There was 
also minimal |G*| change in the vastus Intermedius (+26%), vastus lateralis 
(+6%), and vastus medialis (+19%) Following TKR there was no observable 
stiffness change in the hamstring muscle group during knee extension (Baseline: 
2.61 [±1.08] kPa vs knee extension 2.67 [±0.87] kPa; p=0.632). 
 
7.4.4 Differential in Regional |G*| Changes Before and After 
TKR Knee Extension 
Co-registration of MRE elastograms allowed for descriptive inspection of 
regions with an increase in |G*| as a result knee extension and to compare this 
before and after the TKR intervention (Figure 7.2). Pre-TKR elastograms 
showed that during knee extension 83% of the whole thigh has been engaged 
and increased by an average |G*| of 42% (Figure 7.3, C1). Post-TKR 
elastograms showed that only 62% of the whole thigh was engaged and |G*| 
increased by only +10% (Figure 7.2, C2) 
 
When inspecting the quadriceps during pre-TKR knee extensions, 95% of the 
quadriceps muscle group was engaged to perform the movement, resulting in 
an average |G*| increase of 53%. Following TKR, it was observed that knee 
extension engaged 77% of the quadriceps muscle group, with an average |G*| 
increase of 27% from rest. As a result, post-TKR knee extension engaged 17% 
less of the quadriceps in order to perform a knee extension, with post-TKR 
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|G*| increase being an average of 26% lower than pre-TKR knee extension 
(Figure 7.2, C3).  
 
7.4.5 Rectus Femoris Biomechanics Following TKR 
Rectus Femoris morphology was examined at rest and during knee extension 
for pre-TKR (M=0.69, CI[0.60, 0.78] CV=10% vs M=0.87, CI[0.78, 0.96], 
CV=8%) and post-TKR (M=0.65, CI[0.50, 0.80], CV=18% vs M=0.82, 
CI[0.75, 0.89] CV=7%), finding a no variance between scans (F[3,16]=1.11, 
p=0.376). Before TKR rectus femoris circularity significantly increased 
between rest and knee extension by 18% (0.69 [±0.07] vs 0.87 [±0.07]; 
p=0.022). However, following TKR, Rectus Femoris circularity showed a 
tendency to change when performing a knee extension (0.65 [±.12] vs 0.82 
[±.06]; p=0.053). In addition to this, Rectus Femoris was significantly less 
Figure 7.2. Comparison of |G*| increases observed during Pre-TKR and Post-TKR knee 
extensions. A1: Pre-TKR Rest, B1: Pre-TKR Knee Extension, C1: Percentage increase in |G*| 
from rest to knee extension Pre-TKR, A2: Post-TKR Rest, B2: Post-TKR Knee Extension, C2: 
Percentage increase in |G*| from rest to knee extension Post-TKR, C3: Comparison of |G*| 
increase in Post-TKR relative to Pre-TKR. 
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The aim of this study was to expand on the findings of Chapter Six and 
examine the changes in muscle physiology during knee extension following 
TKR and rehabilitation. It was expected that as a result of TKR surgery and 
physiotherapy there would be a relative decrease in muscle stiffness and 
morphological changes in quadriceps muscles during the knee extension task. 
The results of this study showed that following TKR and physiotherapy, the 
increase in muscle stiffness of quadriceps muscles, which was observed during 
knee extension previous to TKR, was significantly reduced, with an average 
Figure 7.3. Axial circularity of rectus femoris during knee extension before and after TKR 
surgery. ‘***’ ≤ 0.001, ‘**’ ≤ 0.01,’*’ ≤ 0.05. 
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decrease of 26%. In addition to this, the knee extension task following TKR 
resulted in a reduced morphological change in rectus femoris, suggesting 
reduced muscle tension. These findings support previous research which 
discussed TKR surgery reducing muscle stress by 30% (Shenoy et al., 2013). 
 
Additionally, patients with Osteoarthritis (OA) have been shown to recruit a 
greater magnitude of muscle co-contraction compared to asymptomatic 
controls (Childs et al., 2004; Lewek et al., 2004; Hubley-Kozey et al., 2006, 
2008; Heiden et al. 2009). It is suggested that OA patients exhibit a greater 
co-contraction method to limit over knee excursion to limit movement related 
pain. Yoshida et al., (2013) who showed a reduction in Quadriceps recruitment 
following 3 months after TKR surgery, because of increased patient strength. 
The findings of this present study are in support of this previous research, as 
the elastograms for pre-TKR knee extension show a significant co-engagement 
with the hamstrings, however this muscle group was not significantly engaged 
following TKR. This shows that following TKR the quadriceps muscle group 
are able to perform the knee extension task without the need for additional 
stability. Further, Chapter Six showed that the rectus femoris was prone to 
changes in the axial circularity during increased muscle tension. This chapter 
showed that post-TKR surgery circularity of rectus femoris was significantly 
decreased during knee extension in comparison to before the surgical 
intervention. 
 
The results here suggest that the Quadriceps are less inhibited following TKR 
surgery. The quadriceps show a decreased size following TKR, however, 
functionally the muscles incur less |G*| increase during knee extension following 
TKR. By using conventional MRI methods, one may have concluded that 
patients may have been weaker due to reduced size in addition to the reduced 
MVC measures. The utility of MRE in this preliminary study has shown that 
as a result of the clinical intervention, tension elicited by knee extension is 
reduced.  These results may have been due to a combination of the tension 




It is important to note that this is the first exploratory study of its kind to 
perform MRE on TKR patients before and after surgery. An important 
methodological aspect of this investigation was the quantification of functional, 
morphological and mechanical properties of muscles within the thigh. Even 
though these results offer new insight into the impact of TKR, this study is 
not without limitations. Firstly, the use of MRE can only show the stiffness 
changes in a tissue, however to obtain a better appreciation of patient strength, 
repeated testing throughout recovery would have given a better appreciation 
of the rate of recovery from surgery. Also, due to the limited number of patients 
here these results should be used to pursue a follow-on study in order to fully 
test the hypothesis of this study, even though there are promising results shown 
here. Finally, there was unfortunately no data gathered on patient pain or 
progress with physiotherapy. This could have also resulted with useful insight 
into physiological changes from TKR and whether this may be a confound with 
regards to task performance.  
 
Future research should look to implement measurement of bone marrow with 
physical ability. Bone marrow cells have been shown to be a factor in recovery 
due to their release of systemic cells that are key to healing (Mankin et al., 
1982; Orlic et al., 2001; Agung et al., 2006). The role of bone marrow is to 
provide a continuous resource of cells to fulfil the musculoskeletal demands for 
oxygenation (Vogler et al., 1988; Sun et al., 2009). To date there is limited 
research on imaging bone marrow following surgery using Magnetic Resonance 
Imaging (MRI). However, studying bone marrow in future studies could 
provide clinicians with an additional diagnostic tool for patient health (Aisen 
et al., 1986; Steinborn et al., 1999). The present study has highlighted the 
importance of analysing muscle recruitment strategies, building on work from 
Chapter Five, as well as measuring morphological changes in muscles which 
was explored in Chapter Six. Also, this study shows the role which MRE can 
play in analysing surgical interventions by measuring changes in mechanical 
properties, morphology, and engagement. 
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In conclusion, these results show that measurements of muscle stiffness and 
morphology can deviate between a static position and during function. 
Following TKR, muscle stiffness was significantly greater than before surgery, 
suggesting a level of injury. Also, when the muscles were engaged the findings 
of this pilot study suggest that there is a reduced level of |G*| and axial 
circularity change when performing a movement. These findings expanded on 
the work observed in the previous chapters to show that it is important to 
examine static and functional physiology when measuring musculoskeletal 
























































































8.1 Overview of Thesis Results 
Each chapter of this thesis has shown novel clinically relevant results in a 
variety of applications for the measurement of anatomical health, obtained 
through the implementation of MRE in musculoskeletal research. This present 
chapter will review the findings of the previous chapters and discuss potential 
future research which could incorporate additional clinical imaging 
methodology to further investigate the musculoskeletal system.  
 
Chapter One outlined the fundamental background of musculoskeletal 
anatomy and function, whilst also detailing the basics of imaging in-vivo tissue. 
Further, Chapter One briefly reviewed the current literature of musculoskeletal 
MRE showing that there is limited application of MRE within the 
musculoskeletal system. In addition to this, it also showed that the majority of 
research of thigh MRE have limited participant cohorts, as well as limited 
scope of imaging – with current research focussing primarily on either one 
muscle or a single group of muscles with a similar function. Finally, Chapter 
One discusses how MRE may offer significant insight in to musculoskeletal 
physiology over conventional methodologies including EMG. 
 
Chapter Two highlighted the background understanding of musculoskeletal 
rheology and current methods of data visualisation. The suggested pipeline in 
this chapter addressed concerns for the use of conventional colour maps, 
showing that varying luminance was likely to elicit error is visual analysis of 
elastograms. In addition to this, a template in which elastograms can be 
registered to was developed, with this method resulting in |G*| of muscles being 
examined without the confound of varying muscle morphology. Finally, the 
pipeline was analysed for inter-rater and intra-rater reliability for each key 
stage of the pipeline, revealing robust levels of repeatability of measurements 
between and within experimenters. The use of this pipeline was an initial 
attempt to show the importance of a unified approach to MRE data 
visualisation, particularly in musculoskeletal research where muscle 
morphology can differ greatly between participants. The high level of 
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repeatability within and between researchers suggests that incorporating such 
an approach to MRE research may not impede the validity or precision of 
readings and should result in less error. By developing a promising image 
analysis pipeline meant that exploratory MRE work was ready to be explored 
with Chapters Three to Seven, where a wide range of clinically relevant 
exploratory studies utilised the pipeline outlined in Chapter Two to reveal 
changes in the mechanical properties of muscle. 
 
Chapter Three examined the changes of the musculoskeletal system during the 
ageing process from 20-55 years. The hypothesis for this preliminary work was 
that the Quadriceps would be prone to age related muscle atrophy, and that 
muscle stiffness would increase due to muscles being impaired due to the 
decrease in muscle group size. This study showed that the quadriceps were 
primarily affected by ageing, with the vastus lateralis being prone to muscle 
atrophy. However, the quadriceps were not equally impacted by ageing as the 
vastus medialis showed no significant sign of age-related atrophy but did show 
significant increases in muscle stiffness associated with age. In addition to this, 
the hamstring muscle group showed a significant level of resistance to the 
effects of ageing.  It must be noted that even though the participants were 
normally distributed overall and between groups, a greater number of 
participants would be required to be able to make full conclusions on the 
impact of ageing. Future musculoskeletal ageing research should look to 
incorporate a number of participants for incremental age brackets, so that not 
only the overall impact of ageing can be measured, but also potentially identify 
ages which are most prone ageing effects. This preliminary work showed that 
the impact that there is not a universal impact of ageing on the locomotor 
system and further testing is required in to arrive at comprehensive conclusion 
of the changes in the mechanical properties of tissue with time. 
 
Chapter Four investigated the effects of immobility within ICU, and whether 
observed effects recovered after a period of convalescence. The hypothesis of 
this chapter was that the quadriceps muscles would be primarily affected by 
immobility, which was supported by the findings of the study. At time of 
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discharge, both muscle stiffness and muscle size were significantly lower than 
healthy controls, in addition to significant fat infiltration. In particular, the 
effects of immobility were prominent in the relationship between size and 
stiffness of the vastus medialis between groups. Following convalescence, the 
size and stiffness of muscles had increased in patients, yet there was still an 
observable inability to perform a walk test to a healthy level. The difficulty 
with such an investigation is that the cohort being images are particularly 
weak, so four returning patients is a promising contribution to the area of 
critical care musculoskeletal immobility. However, a follow-on study should 
include a full scan of the thigh as to allow the measurement of contracture, 
and whether this is having an impact on MRE results. A secondary factor to 
consider may be to incorporate several imaging sessions. This was the first time 
MRE has been used to measure the impact of ICU on the musculoskeletal 
system. These results suggest that ICU immobility significantly impact 
anatomy which can recover, however there appears to be long lasting effects, 
limiting the function of muscles.  
 
Chapter Five re-investigated previously published data to identify why only 
certain individuals were prone to injury induced oedema following a repeated 
knee extension protocol. The hypothesis for this experiment was that residual 
increases in muscle stiffness, could be used to identify injury severity, and the 
location of these increases in stiffness could be used to infer the location of 
damage. The results of this study showed that between two groups of injured 
participants, there was no significant difference in muscle force output or 
number of repetitions, yet there was for change in MVC. The use of MRE 
identified a difference in muscle engagements strategy, by measuring residual 
increases in muscle stiffness. Those without injury incorporated a balanced 
anterior and posterior co-contraction, whilst those with oedema incorporated a 
weaker anterior and medial co-contraction. This was a novel finding for the 
dataset and in the application of MRE. This exploratory investigation showed 
the importance of a template to co-register individuals to in order to perform 
pixel-wise testing. At the moment this technique is currently limited to a single 
slice, however if future development of this technique were to include full 3D 
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images, it may result in significant insight into injury. Using this methodology, 
insight into the dynamics of muscle loading and weight training will assist the 
development of more balanced and targeted exercise regimens to assist athletes 
build strength without the risk of inadvertent muscle injury, and perhaps 
increase performance. 
 
Chapter Six examined morphological and mechanical changes in muscle during 
incremental loading. The hypothesis for this experiment was that the rectus 
femoris would have a greater morphometric change to loading compared to the 
Vasti muscles during sustained knee extension, due to the lack of connection 
to the Femur. Firstly, muscle group variation was identified during knee 
extension (through increased quadriceps stiffness) and flexion (through 
increased hamstrings stiffness). The bi-articular rectus femoris was identified 
as having a significant linear relationship between muscle morphological and 
mechanical properties - where increasing axial circularity also resulted in a 
reduction in axial CSA. By showing that MRE can be used to measure both 
physical and mechanical properties of tissue may be a useful technique to 
incorporate in future work within biomechanics. It is understood that with 
increasing levels of muscle contraction there will be an increase in muscle 
stiffness. The morphological relationship with muscle stiffness may be used as 
a biomarker for muscle tension during use – and may have applications in the 
study of rehabilitation or strength training. This preliminary investigation in 
the quantification of muscle morphology and mechanical properties are 
promising, yet further experimental results are required for a better 
appreciation of this relationship. 
 
Chapter Seven examined the recovery of the musculoskeletal system following 
Total Knee Replacement (TKR) surgery. It was hypothesized that before TKR 
surgery, patients would show a significant increase in muscle stiffness during 
sustained knee extension, and after TKR surgery the same movement would 
elicit a lower muscle stiffness increase. The findings of Chapter Four are the 
first time MRE has been used to quantify musculoskeletal recovery from TKR 
surgery. A key finding for this chapter was that previous to TKR surgery, in 
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order to extend the knee, the patients engaged 95% of the quadriceps and a 
significant portion of the hamstrings to perform the movement. Following 
TKR, a significant drop in muscle tension and co-engagement was observed, 
yet It is important to note that there was a significant drop in patient MVC 
following TKR. In addition to this there was a smaller morphological change 
in muscles performing the task post-TKR in comparison to before the surgery. 
This finding suggests that it is important to consider the functional, physical 
and morphological features of muscles when measuring recovery. As a result, 
the use of the pipeline developed during this thesis visually showed a reduction 
of muscle engagement following surgery, this method of visual representation 
of muscle engagement data may be a useful methodological tool in measuring 
the effectiveness of training or further clinical intervention.  
 
 
8.2 Summary of Thesis Results 
This thesis has covered a wide range of clinical applications for MRE, showing 
significant and novel findings for each investigation. A recurring theme within 
each project is the importance of the quadriceps muscles (particularly the 
vastus medialis) in stability and the sensitivity to change during immobility, 
ageing, or surgical recovery. An important methodological advancement 
identified in this thesis is the relationship between muscle tension and 
morphology of muscles, especially in rectus femoris. By utilizing the unique 
functionality of this muscle means one can take into consideration mechanical 
and morphological changes during engagement to obtain a robust 
understanding of pathophysiology. Overall, the musculoskeletal system is one 
governed by balance, and as soon as there is significant morphometric (i.e. a 
decrease in muscle size, as seen in Chapters Three and Four), mechanical (i.e. 
a change in muscle stiffness, as seen in Chapters Three, Four, Five, and Seven) 
or functional change (i.e. co-contraction strategy, as seen in Chapters Five and 
Seven) then this may impact locomotion.  
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The exploratory work conducted throughout this thesis attempted to address 
the repeatability, precision and responsiveness of musculoskeletal MRE. 
Repeatability was initially shown through an review of the literature, as well 
as a brief reliability comparison for inter-rater and intra-rater reliability of ROI 
measurements, and also anatomical plotting used for the newly developed 
pipeline. The precision of MRE was demonstrated through the use of ROI, 
pixel-wise mapping, and also data visualisation through elastograms, showing 
that changes in the mechanical properties of muscle can be clearly shown both 
quantitatively and qualitatively. Finally, the responsiveness of MRE was 
demonstrated with the comparison of static and active measurements of muscle 
physical and mechanical properties throughout each chapter.  
 
By clinically applying MRE within the musculoskeletal system this thesis has 
shown the wealth of additional information which can be obtained for 
musculoskeletal health, which offers significant clinical insight into 
musculoskeletal biomechanics and functional anatomy. It is hoped that MRE 
is employed in future musculoskeletal work to assist those to avoid injury, aid 
patients in efficient recovery, and to further understanding of this vital system 
within the human body. 
 
 
8.3 Musculoskeletal Mechanical Pathophysiology 
The goal of this thesis was to explore what the measurement of the mechanical 
properties of muscle tissue may offer in the quantification of pathophysiology. 
The application of MRE offers the ability to measure the mechanical properties 
of muscle as well as the morphological aspects of muscle from conventional MR 
imaging. Specifically within this thesis the measurement of muscle |G*| in a 
number of clinical applications has allowed some novel appreciation of the 
musculoskeletal system in both static and dynamic states. Firstly, the static 
change in muscle mechanical properties have been shown to be negatively 
impacted long term through age, as well as lack of use. From the investigation 
of critical care patient recovery it would appear that the mechanical properties 
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of the muscle require a greater amount of time to recover compared to the size 
of the muscles. This new finding offers an important insight into the static 
mechanical properties of muscle, in that even without the conventional 
measurement of muscle contraction, the pathophysiology of muscles can be 
explored through these static images. However, muscle tissue is dynamic, and 
the main purpose of the tissue is in locomotion. A key finding of this thesis was 
that MRE can be used to pinpoint (to a high degree of precision) residual 
stiffness increases in damaged muscle. Previously it was understood that 
contraction or damage may increase the stiffness of muscle, but this residual 
stiffness had not been previously used to offer an insight into the severity of 
muscle damage. Additionally, this thesis also showed that during increasing 
load, there were morphological deformations of muscle (for both size and shape) 
in relation to the change in muscle stiffness. By showing a close relationship 
with both the mechanical and morphological properties of muscle shows the 
importance in the investigation of both the static and dynamic nature of 
muscle. As a result, the final experimental chapter put this into practice to 
study the changes in the musculoskeletal system following surgical 
intervention. The main experimental finding was that even though it appeared 
that patients were still in a state of recovery within the static images obtained 
of the thighs, the analysis of the quadricep muscles during engagement showed 
that patients were much more able to perform the task – due to a reduced 
elevation of muscle stiffness during the task. This thesis has focussed primarily 
on developing an effective pipeline to be utilised in a number of pilot studies, 
and as such has focussed on relative changes of muscle mechanical properties. 
However, if MRE is to be taken further, more work is required in order to 
establish  quantifiable range of what muscle |G*| should be for different states 
of muscle. Once this can be obtained one may be able to further understand 
why mechanical properties may have deviated from expectations, and more 






8.4 Future Work 
Future clinical musculoskeletal elastography could benefit greatly from 
incorporating additional imaging modalities during experimental protocols. 
Three magnetic resonance imaging methods are discussed as each may offer 
additional insight into future MRE physiological investigations, including 
Diffusion Tensor Imaging (DTI) shows insight into tissue microstructure, 
Magnetic Resonance Spectroscopy (MRS) which offers metabolite 
quantification, and Magnetic Resonance Thermography (MRT) to show 
temperature differentials in tissue. 
 
8.4.1 Diffusion Tensor Imaging 
Diffusion Tensor Imaging (DTI) is an imaging modality which can characterize 
the organization of tissue microstructures (Jones et al., 2011; Scheel et al., 
2013). The random molecular movements of water are sensitized to the gradient 
of a magnetic resonance (MR) machine (Stejskal et al., 1965). Depending on 
the rate of diffusion attenuation, the orientation of the dominant fibres can be 
determined (Basser et al., 1994), which can then be mapped and colourised to 
show different fibre directions within a tissue (Pajevic et al., 2000).  
 
DTI allows us to measure several diffusion parameters (Alexander et al., 2007), 
most notably Mean Diffusivity (MD) and Fractional Anisotropy (FA). Firstly, 
MD is a measure of molecular motion, without consideration for direction 
(Cercignani et al., 2001). Secondly, FA is a numerical value representing the 
anisotropy of diffusion, i.e. the number of directions of diffusion (0 being in all 
directions, and 1 being in a single direction). The measure of FA can be used 
to infer fibre density, diameter, alignment, and is one of the most used DTI 
parameters due to the sensitivity to microstructure changes (Alexander et al., 
2007; Soares et al., 2013). It is also possible to map the diffusion of water to 
show microstructures in a 3D environment (Figure 7.1), known as tractography 
(Basser et al., 1994, 2000; Jones et al., 1999; Mori et al., 1999; Conturo et al., 
1999; Parker et al., 2003).  
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By combining measurement of MD and FA, it is possible to obtain clinically 
relevant information on tissue health, particularly within the musculoskeletal 
system. Following muscle injury, Zaraiskaya et al. (2006) showed a significant 
increase in diffusivity of calf muscles, supporting previous research suggesting 
muscle injury impacts muscle microstructure (Hough, 1902; Häggmark et al., 
1986). In addition to this, Zaraiskaya et al. (2006) also showed that increased 
levels of MD may indicate tissue lesions. Further, Froeling et al. (2014) showed 
that following a period of running there was a significant increase in the MD 
and FA of Bicep Femoris muscle, something not evident through conventional 
MR imaging (Figure 7.2).  
 
Figure 8.1. Muscle Segmentation (Left) and tractography (Right) of Hamstring muscles, from 
Froeling et al. (2014). 
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DTI has also been used to characterize muscle fibre types (Sheel et al., 2013). 
Comparing biopsy data and FA values, fibre types were able to be 
characterized, with type 1 fibres showed a higher FA value. In addition to this, 
DTI has also been used to measure muscle fibre pennation (Lansdown et al., 
2007).  By being able to utilize a non-invasive imaging modality to obtain 
highly detailed measurements about muscle structure, previously shown to be 
linked to muscle force, will mean that future measurements for anatomical 
biomarkers for muscle force may not only be measured in weaker patients, but 
also compared to the mechanical properties of muscles. 
 
As shown here, by utilizing future musculoskeletal research with the addition 
of DTI will allow for measurement of microstructural changes. To date, there 
has been some work in successfully showing correlations between MRE and 
DTI measurements of biological tissue (Johnson et al., 2013), with Yin et al. 
(2016) showing that DTI and MRE data can be obtained simultaneously. By 
being able to combine both MRE and DTI may result in significantly greater 
insight into measuring injury recovery. 
 
Figure 8.2. Mean Diffusivity of Bicep Femoris one week before (A), two days after (B), and 
three weeks after (C) a long distance running protocol from Froeling et al. (2014), showing a 
significantly increased MD (p<.05) at time point B. 
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8.4.2 Magnetic Resonance Spectroscopy 
Magnetic Resonance Spectroscopy (MRS) allows for the measures of 
biochemical changes in pathophysiology, i.e. metabolites including adenosine 
triphosphate (ATP), an energy generation metabolite (Knowles, 1980). MRS 
in-vivo is limited to measuring certain nuclei, with phosphorus (31P) being a 
commonly used clinical application due to the high concentrations in order to 
result in a strong signal (Gujur et al., 2005).  
 
Park et al. (1994, 1995, 2001, 2005) has shown efficacy of using MRI and MRS 
in order to obtain clinically relevant data for pathophysiology in myopathies. 
In particular, Park et al (2001) utilized MRS to obtain data on 
dermatomyositis (DM; an inflammatory disorder). Within this study, there was 
a 40% decrease in phosphocreatine (PCr) and 30% decrease in ATP for DM 
patients in comparison to healthy controls (Figure 8.3). A reduction in these 
two metabolites (important for the contraction of muscles) showed that DM 
results in abnormal metabolite with an inefficient use of PCr and ATP during 
contraction. Massie et al (1987) also found that patients with congestive heart 
failure (CHF) showed significant musculoskeletal deviations in biochemistry 
during exercise. Patients were observed as using PCr at a faster rate than 
healthy controls even though the work rate was less. In addition to this, 
Petersen et al. (2003) compared ATP between young (18-39 years old) and 





Additional MRS research has investigated metabolic change following the 
effects of training and fatigue. ATP measurements have been used to study 
muscle performance and signs of fatigue following exercise (Kent-Braun et al., 
1990), with an additional measure of muscle metabolism is the ratio between 
work production (Pi; inorganic phosphate) and energy cost (PCr). Kent-Braun 
et al. found an increase in work production to energy cost when comparing a 
second-time point to an initial testing time point, supporting previous research 
showing trained muscles have a decreased energy cost for the same relative 
work production of untrained muscles (Chance et al., 1985; Park et al., 1987). 
In addition to this, research has suggested that ATP hydrolosis may suggest a 
measure for muscle fatigue (Takata et al., 1988; Challiss et al., 1987; Dawson 
et al., 1980; Taylor et al., 1986). 
 
 
MRS has been shown to be an affective measure of muscle biochemistry, 
particularly in myopathy, muscle contractions and muscle fatigue. By 
implementing MRS with future MRE research may result in correlations 
Figure 8.3. Quadriceps muscle MRS spectrum from Park et al. (2001) showing a decreased 
level of phosphocreatine (PCr) and ATP with a musculoskeletal condition. 
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between muscle stiffness and peaks in metabolites. Previous work has 
investigated a correlation with MRE and 31P-MRS (Godfrey et al., 2012) for 
the staging of liver fibrosis. Of the two techniques, MRE was found to be most 
effective, as fibrosis staging was not found to be correlated with MRS in this 
study. However, MRS has been shown to be significant measure of fibrosis in 
other investigations (Corbin et al., 2004; Dezortova et al., 2005), meaning 
future implementation of MRS and MRE could result in a correlation between 
changes in the mechanical properties and biochemistry of tissue. 
 
8.4.3 Magnetic Resonance Thermography 
As previously discussed, muscle use results in an increase in muscle metabolites 
(Maughan, 2012; Merla et al., 2010). Krustrup et al (2003) showed that a 
considerable amount of energy from contractions result in heat production. 
Heat production in muscles allows for longer periods of exercise whilst also 
reducing risk of injury (Tucker et al., 2004; Nybo, 2010). As a result of heat 
production during muscle use, the temperature of the skin increases, from 
warmed circulatory system near the skin surface (Taylor, 2000), dependent on 
the magnitude of activity (Akimov et al., 2010; Chudecka and Lubkowska, 
2010; de Andrade Fernandes et al., 2014). When the body becomes excessively 
warm Tucker et al., (2004) found that there is a reduction in muscle 
recruitment and thus force output, which was determined to be a biophysical 
adaption in order maintain thermal homeostasis. Thermal maintenance is a 
vital aspect in sustained muscle contractions as it has been shown that heat 
related fatigue occurs when core temperature is above 40C, as this 
temperature inhibits central nervous system functioning (Gonzalez-Alonso et 
al., 1999; Nielson et al., 1990; Nybo et al., 2001). 
 
Heat dissipation is possible through exercise related sweating subsequently 
evaporating, cooling the body (Xu et al., 2013). Interestingly, there is an 
observable difference in the magnitude of heat produced between trained and 
untrained individuals (Abate et al., 2013; Formenti et al., 2013). As a result, 
the measurement of heat production can be used as a physiological measure of 
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muscle use. Quesada et al., (2015) investigated temperature change in muscles 
following a cycling exercise protocol finding an inverse relationship between 
heat production and activation of vastus lateralis, a key muscle force generator 
(Kautz and Neptune, 2002). Quesada et al also suggested that subcutaneous 
fat effects heat regulation, due to its role for insulation. In addition to this, it 
should be noted that subcutaneous fat has been shown to be reduced with 
higher levels of activity (Johnson et al., 2015). 
 
Measurements of tissue temperature can be obtained through the method 
known as Magnetic Resonance Thermography (MRT). The method of MRT 
can be performed on much of the understanding from MRS imaging, and is an 
anticipated clinical imaging technique (Kuroda, 2005; Lüdemann et al., 2010), 
as early investigations have shown promising results for the musculoskeletal 
system (Mietzsch et al., 1998), and also in offering highly detailed non-invasive 
tissue characterisation through temperature differentials (Stauffer et al., 2009; 
Gellerman et al., 2006; Figure 8.4). 
 
Magnetic Resonance Thermography may offer aid to MRE as Kruse et al. 
(2000) showed that the viscoelastic properties of tissue may change depending 
on temperature. Future clinical investigations could incorporate the 
measurements of temperature in order to measure muscle fatigue or muscle 
strain, as well as differences between heat production before and after clinical 
interventions. 
 
Figure 8.4. Example of image output for MRT, showing anatomical images and relative 
temperature distributions (Adapted from Gellerman et al., 2006). 
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8.4.4. Summary of Future MR Imaging 
The three additional imaging modalities mentioned here, DTI, MRS, and 
MRT, each offer insight in the pathophysiology of tissue. As shown through 
this thesis, the combination of physical, mechanical and functional measures of 
musculoskeletal tissue resulted in new insight into muscle use, injury, and 
recovery. If future MRE research were to then also include measurements of 
tissue microstructure through DTI, muscle metabolism through MRS, and the 
temperature change of muscle from MRT, then this will result in a holistic 
pathophysiological approach to better understanding the pathophysiology of 
the musculoskeletal system.  
 
 
8.5 Thesis Conclusion 
In this thesis, the applications of MRE in the musculoskeletal system has been 
explored through a series of clinical investigations. Applications of MRE 
consisted of immobility, ageing, muscle injury, muscle morphology and applied 
muscle morphology following TKR surgery. Within each of the chapters of this 
thesis the utility of MRE has revealed additional anatomical information, not 
obtainable through conventional imaging.  
 
Chapters Three and Four both investigate passive changes in the 
musculoskeletal system. Chapter Three showed that the ageing process 
significantly impacts the musculoskeletal system, observed through muscle 
atrophy and increasing muscle stiffness. The Quadriceps muscle group were 
identified as being particularly affected by the ageing process, with atrophy of 
the anti-gravity muscle group resulting in muscle stiffness increasing with age. 
The use of MRE in this investigation showed that increased muscle stiffness 
can be used as a biomarker for muscle damage. Chapter Four showed that 
muscle stiffness and size are sensitive biomarkers to the health of a patient, 
with both decreasing due to immobility, and then increasing with the health of 
convalesced patients. An additional finding revealed by MRE was that overall 
muscle size and stiffness increased following convalescence. A key finding in 
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this study was that there was a differential in healthy controls and ICU 
patients in the mechanical and morphological relationship within vastus 
medialis. 
 
Following on from this result, Chapters Five, Six, and Seven examined the 
changes in the musculoskeletal system following some form of manipulation or 
intervention. Chapter Five investigated whether residual increase of stiffness 
of damaged muscles could identify engagement strategy during time of injury. 
The results of this chapter showed that level of exertion was secondary to 
muscle engagement for determining injury severity. Those without oedema 
induced injury engaged a strong combination of muscles with complimentary 
functions. Analysis of residual muscle stiffness increases revealed a different 
functional participation in the muscle damage paradigm in individuals who 
were damaged to a greater severity. Individuals with oedema had incorporated 
hip flexion as well as knee extension, resulting in greater damage and oedema.  
 
Chapter Six examined changes in muscle morphology and mechanical 
properties during muscle engagement as a biomarker for muscle stress. Chapter 
Six showed that in addition to muscle size and muscle stiffness, the axial 
circularity of a muscle changes with increased loading. During knee extension, 
rectus femoris showed a very significant correlation between the increase of 
muscle stiffness with both a decrease in cross sectional area and an increase in 
axial circularity. This relationship observed in rectus femoris was stronger than 
that observed in the vasti muscles during knee extension. As a result, MRE 
revealed that the difference in muscle architecture between bi-articular and 
mono-articular muscles, as a possible physiological adaption for bi-articular 
muscles producing more muscle force. Chapter Seven showed that following a 
surgical intervention of total knee replacement (TKR) in osteoarthrosis (OA) 
patients revealed a significant decrease in muscle tension. In addition to this, 
the morphological change in rectus femoris was significantly lower in 
performing knee extension following TKR.  
 
 153 
This thesis has shown that MRE can offer additional physiological insight into 
the health of muscles for a range of clinical applications, over conventional 
imaging methods. MRE could be improved significantly by being paired with 
DTI, MRS, or MRT. By utilising DTI, muscle microstructures could be 
revealed, such as muscle fibre length, pennation, and density, for a greater 
appreciation of anatomical strength. MRS may be able to show biochemical 
changes in the muscle, whilst MRT may be able to show heat production in 
muscle. By combining these anatomical and physiological features with MRE 
could allow for a more precise measurement of musculoskeletal healthy 
following atrophy, use, or injury. 
 
However, there are some questions still unanswered which would aid future 
musculoskeletal MRE work. The work in this thesis has focussed primarily on 
relative changes in muscle stiffness through either use, injury or recovery. This 
has meant that an all-encompassing stiffness level has not been established. As 
a result, so far there is not a single level of muscle stiffness which would indicate 
the musculoskeletal health of an individual and in order to do this will require 
significant further research. If this were developed then this would allow for a 
much better appreciation of viscoelastic changes in muscle, as opposed to there 
being a requirement for analysis of relative changes in muscle. Also, future 
work should look to include reliable quantification of tissue viscosity. It appears 
that at this time measurements of viscosity alone are not a reliable source of 
data, however if methods were developed to address this then this may add an 
even greater appreciation to muscle physiology over just muscle stiffness. 
Finally, a key problem in MRE is that there is a wide range of methodologies, 
imaging protocols, and data visualisation techniques. Additionally, MRE would 
benefit greatly from advances in imaging protocols which allow for a full thigh 
image acquisition sequence. Future musculoskeletal MRE work should aim to 
work towards a unifying approach to examine muscle tissue, to aid in 
comparison between research outcomes. As shown in this thesis, by remaining 
with a largely single imaging protocol, analysis technique and data visualisation 
methodology it allows for an appreciation of the results with limited difficulty 
or the requirement of significant MRE experience. 
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In conclusion, this thesis has shown that the implementation of Magnetic 
Resonance Elastography in clinical musculoskeletal investigations results in 
promising biomechanical insight. A key aspect of this thesis is the identification 
of muscle engagement strategy through increased muscle stiffness following use 
and injury, in addition to the relationship between morphology and mechanical 
properties of muscle. The quantification of changes in muscle mechanical 
properties during engagement allows for identification of co-contraction 
patterns, which may offer new biomarkers for characterising individual muscles 
for potential injury, instability, or weakness. In addition to this, the finding of 
a potential muscle tension biomarker through the combination of muscle 
morphology and mechanical properties during use showed physiological insight 
into the differences in muscles with varying architecture. Work within this 
thesis has shown that MRE measures are reliable between investigators, able 
to precisely identify regions of increased injury, and also able to show 
mechanical changes in both the passive and active states of muscle. As a result, 
this thesis has shown that the implementation of MRE in musculoskeletal 
research may offer future musculoskeletal research previously unobtainable 
insight into physiology. If MRE is paired with additional imaging techniques 
and functional measures, then this new and non-invasive methodology may be 
used as a holistic approach to studying musculoskeletal physiology. This 
approach could be a strong basis in measuring the performance of athletes, the 
recovery of patients, or potentially used as a biomarker to identify reasoning 
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Appendix I. Royal Infirmary Home Exercise Programme offered to patients 









































































































































































































































Appendix V. Individual elastogram data for patients in Chapter Seven. 
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